Louisiana State University

LSU Digital Commons
LSU Master's Theses

Graduate School

2012

Rapid microwave drying of non-food agricultural feedstock for
improved biofuel production
Laura A. Picou
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_theses
Part of the Engineering Commons

Recommended Citation
Picou, Laura A., "Rapid microwave drying of non-food agricultural feedstock for improved biofuel
production" (2012). LSU Master's Theses. 1262.
https://digitalcommons.lsu.edu/gradschool_theses/1262

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@lsu.edu.

RAPID MICROWAVE DRYING OF NON-FOOD
AGRICULTURAL FEEDSTOCK FOR IMPROVED BIOFUEL
PRODUCTION

A Thesis
Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science
In
The Department of Biological and Agricultural Engineering

By
Laura A. Picou
B.S., Louisiana State University, USA, 2009
May 2012

DEDICATION

♥

To my parents with all of my love.

ii

ACKNOWLEDGEMENTS
I would like to thank my parents and family for their encouragement and support
throughout this entire process. To my parents Juanita and Rudolph Picou, thank you for always
being there for me and supporting me unconditionally. To my sister Alicia, thank you for
offering encouragement and advice while I needed someone to listen to my thoughts. To Jason
Fennell, thank you for encouraging me to finish and providing much needed advice and support.
I would not be where I am without them.
I would also like to thank Dr. Dorin Boldor for welcoming me to his research group and
for his guidance and advice throughout. He has been very consistent in his encouragement for
my pursuit of an advanced degree and faithful in the belief of what I am able to achieve. Thank
you to my committee members Dr. Giovanna Aita and Dr. Marybeth Lima for aiding me in
completing my thesis and for graciously permitting themselves to be on my committee. Thanks
go out to the Louisiana Board of Regents Fellowship for providing my funding for the first two
years of my research as well as to the Louisiana Board of Regents Enhancement Program for
providing the funding necessary to purchase the equipment used in my research. To Industrial
Microwave Systems, especially Dr. William Wilber, for the equipment design of my microwave
as well as the countless times he visited to aid in equipment setup and diagnosis of equipment
failures as well as timely advice.
I would like to send a special thank you to Dr. Sundar Balasubramanian for spending so
many afternoons and mornings assisting me in microwave processing and for providing a
sympathetic ear when the equipment failed. Thank you also to Robert Coyle for providing a
second set of hands when running my microwave drying of sweet sorghum experiments. Thank
you to Dr. Samir Trabelsi at USDA-ARS for assistance and advice in determining the

iii

appropriate equations for calculating the dielectric properties of my materials. Thank you to Dr.
Rafael Cueto for his immeasurable help in determining the specific heat of my samples and
assisting me in processing the data and for always having a smile while doing so.
I would also like to thank Dr. Kun-Jun Han and Dr. Giovanna Aita as well as their
students for collecting and processing the sweet sorghum samples necessary to perform my
research. To Pranjali Muley, Dr. Sundar Balasubramanian, Pedro Robles, James Allen, Seona
Lee, Cong Chen, Casey McMann who assisted in harvesting my Chinese tallow tree seed
samples.

iv

TABLE OF CONTENTS
ACKNOWLEDGEMENTS................................................................................................. iii
LIST OF TABLES

......................................................................................................... vii

LIST OF FIGURES

......................................................................................................... ix

ABSTRACT

......................................................................................................... xiv

CHAPTER 1. INTRODUCTION............................................................................. 1
1.1. Justification of Research........................................................................ 1
1.2. Objectives ............................................................................................. 4
1.3. References............................................................................................. 4
CHAPTER 2. LITERATURE REVIEW .................................................................. 6
2.1. References............................................................................................. 12
CHAPTER 3. THERMAL PROPERTIES OF CHINESE TALLOW TREE SEEDS
AND SWEET SORGHUM...................................................................................... 18
3.1. Introduction........................................................................................... 18
3.2. Materials and Methods .......................................................................... 22
3.3. Results and Discussion .......................................................................... 30
3.4. Conclusion ............................................................................................ 49
3.5. References............................................................................................. 49
CHAPTER 4. DIELECTRIC PROPERTIES OF CHINESE TALLOW TREE
SEEDS AND SWEET SORGHUM ......................................................................... 55
4.1. Dielectric Properties of Chinese Tallow Tree Seeds ............................... 55
4.1.1. Introduction ............................................................................ 55
4.1.2. Materials and Methods ............................................................ 60
4.1.3. Results and Discussion............................................................ 63
4.1.4. Conclusions ............................................................................ 75
4.1.5. References .............................................................................. 76
4.2. Dielectric Properties of Sweet Sorghum ................................................ 79
4.2.1. Introduction ............................................................................ 79
4.2.2. Materials and Methods ............................................................ 80
4.2.3. Results and Discussion............................................................ 84
4.2.4. Conclusions ............................................................................ 96
4.2.5. References .............................................................................. 97
CHAPTER 5. MICROWAVE AND CONVENTIONAL DRYING OF CHINESE
TALLOW TREE SEEDS AND SWEET SORGHUM BAGASSE........................... 100
5.1. Microwave and Conventional Drying of CTT ........................................ 100
5.1.1. Introduction ............................................................................ 100
5.1.2. Materials and Methods ............................................................ 104
v

5.1.3. Results and Discussion............................................................ 113
5.1.4. Conclusions ............................................................................ 134
5.1.5. References .............................................................................. 135
5.2. Microwave and Conventional Drying of Sweet Sorghum Bagasse ......... 138
5.2.1. Introduction ............................................................................ 138
5.2.2. Materials and Methods ............................................................ 139
5.2.3. Results and Discussion............................................................ 145
5.2.4. Conclusions ............................................................................ 164
5.2.5. References .............................................................................. 165
CHAPTER 6. SUMMARY AND FUTURE WORK ................................................ 167
APPENDIX A. SPECIFIC HEAT ....................................................................................... 170
APPENDIX B. THERMAL CONDUCTIVITY .................................................................. 183
APPENDIX C. THERMAL DIFFUSIVITY ........................................................................ 196
APPENDIX D. THERMAL RESISTIVITY ........................................................................ 209
APPENDIX E. DIELECTRIC PROPERTIES ..................................................................... 221
APPENDIX F. THERMAL RESISTANCE OF A SPHERE................................................ 228
APPENDIX G. DRYING RATE OF CTT SEEDS .............................................................. 229
APPENDIX H. DRYING RATE OF SORGHUM BAGASSE ............................................ 235
VITA………………… ....................................................................................................... 246

vi

LIST OF TABLES
Table 3.1: Thermal property reading of selected materials ................................................... 30
Table 3.2: Pyrolysis characteristics and percent composition of each layer as well as
percentage of each layer that is lipids of CTT samples ........................................................ 31
Table 3.3: Chemical composition, proximate analysis, and ultimate analysis of
sorghum bagasse
......................................................................................................... 35
Table 3.4: Fatty acid methyl esters of CTT seed oil for each component layer as
percentages with lipid percentage in parentheses ................................................................. 38
Table 3.5: Ultimate analysis of CTT seed and component layers ......................................... 39
Table 3.6: Average thermal values from thermal analysis .................................................... 45
Table 4.2.1: The correlation of penetration depth to dry basis moisture content using
power law and exponential decay ........................................................................................ 96
Table 5.1.1: Locations of the infrared thermocouples in drying system ................................ 106
Table 5.1.2: Correlation of average surface temperature to distance using exponential rise
to the max during steady state……………………………………………………………….. 123
Table 5.1.3: Transient and steady state relationship between power and temperature……… 125
Table 5.1.4: Surface temperature values during steady state testing and their internal
temperatures for different locations in the microwave cavity……………………………….. 126
Table 5.1.5: Relationship between moisture content and distance for microwave testing….. 128
Table 5.1.6: Influent and effluent temperatures used in psychrometric analysis……………. 131
Table 5.1.7: Influent and effluent water balance in seeds and in air………………………… 132
Table 5.2.1: Infrared thermocouple locations. ...................................................................... 142
Table 5.2.2: Relationship between distance traveled in the microwave and the average
surface temperature during steady state testing………………………………………………155
Table 5.2.3: Relationship between transient and steady state maximum temperatures
with power…………………………………………………………………………………… 156
Table 5.2.4: Exponential relationship between moisture content and distance at
steady state…………………………………………………………………………………... 159
vii

Table 5.2.5: Influent and effluent temperatures and relative humidity values from the
microwave cavity……………………………………………………………………………. 160
Table 5.2.6: Water balance for influent and effluent moisture .............................................. 160

viii

LIST OF FIGURES
Figure 2.1: Production of fuels from lignocellulosic biomass. .............................................. 9
Figure 3.1: Cross-section of a Chinese tallow tree seed. A. External wax, B. Shell,
C. Internal kernel…… ......................................................................................................... 23
Figure 3.2: Component layers of CTT seeds. A. External Wax, B. Shell, C. Internal Kernel,
D. Whole Seed………………………………………………………………………………. 23
Figure 3.3: Oil samples following extraction. ...................................................................... 24
Figure 3.4: Schematic of thermal analyzer setup…………………………………………….29
Figure 3.5: TGA (dotted lines) and DTG (solid lines) thermal curves of CTT seed
component layers……………………………………………………………………………. 31
Figure 3.6: TGA (dotted lines) and DTG (solid lines) curves of CTT seed component
layers following oil extraction. P, W, S, and K correspond to the first peak, peaks in the
wax layer, shell layer, and kernel layer, respectively. .......................................................... 34
Figure 3.7: Comparison of TGA (a) and DTG (b) curves for the component layers of CTT
seeds with the theoretical whole seed curves. ...................................................................... 36
Figure 3.8: TGA and DTG profiles of whole CTT seeds. ..................................................... 37
Figure 3.9: DSC melting and crystallization curve for CTT seed wax, shell, kernel, and
whole seed samples… ......................................................................................................... 41
Figure 3.10: Plot of DSC thermogram for CTT wax following lipid extraction. ................... 43
Figure 3.11: Typical DSC thermogram for CTT seed components showing region of glass
transition…………… ......................................................................................................... 44
Figure 4.1.1: Device under test connected to network analyzer where a1 is the incident
wave at port 1 and b1 the corresponding reflected wave while a2 is the incident wave from
the right onto port 2 and b2 is the reflected wave from port 2. ............................................. 59
Figure 4.1.2: Waveguide measurement arrangement........................................................... 61
Figure 4.1.3: The dielectric constant as a function of the 915 MHz frequency range for
moisture contents ranging from 7.0 to 0.0% moisture content.............................................. 64
Figure 4.1.4: The dielectric constant as a function of the 2450 MHz frequency range for
moisture contents ranging from 7.6 to 0.0% dry basis moisture content. .............................. 65

ix

Figure 4.1.5: The dielectric constant as a function of moisture content at 915 MHz and
2450 MHz…………………………………………………………………………………… 67
Figure 4.1.6: The dielectric loss of CTT seeds as a function of frequency in the 915 MHz
frequency range…………………………………………………………………………….. . 68
Figure 4.1.7: The dielectric loss of CTT seeds as a function of frequency in the 2450 MHz
frequency range.
......................................................................................................... 69
Figure 4.1.8: The dielectric loss factor as a function of moisture content at 915 MHz and
2450 MHz…………………………………………………………………………………… 71
Figure 4.1.9: The loss tangent of CTT seeds as a function of frequency in the 915 MHz
frequency range…………………………………………………………………………….. . 72
Figure 4.1.10: The loss tangent of CTT seeds as a function of frequency in the 2450 MHz
frequency range…………………………………………………………………………….. . 73
Figure 4.1.11: The loss tangent of CTT seeds as a function of moisture content at 915 and
2450 MHz…………………………………………………………………………………… 74
Figure 4.1.12: The penetration depth of CTT seeds exposed to microwave energy at
frequencies of 915 MHz and 2450 MHz as a function of moisture content. ......................... 75
Figure 4.2.1: Waveguide measurement arrangement........................................................... 81
Figure 4.2.2: The dielectric constant of sweet sorghum as a function of frequency in the
915 MHz frequency range. .................................................................................................. 85
Figure 4.2.3: The dielectric constant of sweet sorghum as a function of frequency in the
2450 MHz frequency range. ................................................................................................ 86
Figure 4.2.4: The dielectric constant as a function of moisture content at 915 MHz and
2450 MHz…………………………………………………………………………………… 88
Figure 4.2.5: The dielectric loss factor of sorghum bagasse as a function of frequency in
the 915 MHz frequency range. ............................................................................................ 89
Figure 4.2.6: The dielectric loss of sorghum bagasse as a function of frequency in the
2450 MHz frequency range ................................................................................................. 90
Figure 4.2.7: The dielectric loss factor as a function of moisture content at 915 MHz and
2450 MHz…………………………………………………………………………………… 92
Figure 4.2.8: The loss tangent of sorghum bagasse as a function of frequency in the 915
MHz frequency range. ......................................................................................................... 93
x

Figure 4.2.9: The loss tangent of sorghum bagasse as a function of frequency in the 2450
MHz frequency range ......................................................................................................... 93
Figure 4.2.10: The loss tangent of sweet sorghum bagasse as a function of moisture
content at 915 and 2450 MHz.............................................................................................. 95
Figure 4.2.11: The penetration depth of sorghum bagasse exposed to microwave energy at
frequencies of 915 MHz and 2450 MHz as a function of moisture content .......................... 96
Figure 5.1.1: In situ-transesterification conversion process to biodiesel. .............................. 101
Figures 5.1.2: Chinese tallow tree. A. Green tree with seeds. B. Cross-section of seed
showing tallow portion ........................................................................................................ 102
Figure 5.1.3: CTT seeds following sorting. Small twigs are still present. ............................ 104
Figure 5.1.4: Industrial Microwave System’s (IMS) conveyor belt drying system
(Industrial Microwave Systems, Morrisville, NC). .............................................................. 105
Figure 5.1.5: IMS conveyor belt drying system with microwave testing equipment ............. 105
Figure 5.1.6: Schematic of the microwave drying system and infrared thermocouple
locations along the waveguide ............................................................................................. 106
Figure 5.1.7: The thermal resistance network for a three-layer composite sphere subjected
to radial conduction from the outside................................................................................... 108
Figure 5.1.8: Schematic of locations for power generation measurement. ............................ 110
Figure 5.1.9: Parchment paper sample trays......................................................................... 110
Figure 5.1.10: Surface temperatures of CTT seeds for 1200W at 55°C ................................ 114
Figure 5.1.11: Conveyor belt and sample following conveyor meltdown during 1200W
and 55°C testing…………………………………………………………………………….. 114
Figure 5.1.12: Surface temperatures of CTT seeds for 0W 55°C control test......................... 115
Figure 5.1.13: Surface temperatures of CTT seeds during microwave drying at 200W
and 25°C……………. .......................................................................................................... 116
Figure 5.1.14: Surface temperatures of CTT seeds during microwave drying at 200W
and 55°C……………………………………………………………………………………... 117
Figure 5.1.15: Forward and reflected power for 200W..........................................................118
xi

Figure 5.1.16: Surface temperatures of CTT seeds during microwave drying at 600W
and 25°C……………. ......................................................................................................... 120
Figure 5.1.17: Surface temperatures of CTT seeds during microwave drying at 600W
and 55°C……………. ......................................................................................................... 120
Figure 5.1.18: Forward and reflected power from 600W testing .......................................... 121
Figure 5.1.19: Average surface temperatures of CTT seeds during the transient state
testing period across the infrared sensors ............................................................................. 122
Figure 5.1.20: Average surface temperatures of CTT seeds during steady state testing
period across the infrared sensors ........................................................................................ 123
Figure 5.1.21: Maximum overall surface temperatures of CTT seeds during transient (T)
period and steady state (SS) testing periods. ........................................................................ 124
Figure 5.1.22: Internal temperature as a function of surface temperature at different
distances during steady state testing .................................................................................... 126
Figure 5.1.23: The moisture content distribution in the microwave at the end of testing ...... 128
Figure 5.1.24: Drying rate of CTT seeds during conventional and microwave drying .......... 130
Figure 5.1.25: Average power consumption from the fan and conveyor belt system and
microwave power…… ........................................................................................................ 133
Figure 5.1.26: Drying rate to power ratio for percent of moisture content removed per
minute per watt……… ........................................................................................................ 134
Figure 5.2.1: Processed sorghum bagasse with 5/8” washer for size reference ..................... 140
Figure 5.2.2: Microwave drying system with component labels ........................................... 141
Figure 5.2.3: Schematic of the microwave drying system and infrared thermocouple
locations…………..... ………………………………………………………………………. 142
Figure 5.2.4: Parchment paper sample trays......................................................................... 143
Figure 5.2.5: Surface temperatures of sorghum bagasse for 0W 55°C .................................. 146
Figure 5.2.6: Surface temperature of sorghum bagasse during microwave drying at
200W 25°C…………. ......................................................................................................... 147

xii

Figure 5.2.7: Sorghum bagasse surface temperature during microwave drying at
200W 55°C…………. ......................................................................................................... 148
Figure 5.2.8: Surface temperature of sorghum bagasse during microwave drying at
600W 25°C…………. ......................................................................................................... 149
Figure 5.2.9: Surface temperature of sorghum bagasse during microwave drying at
600W 55°C…………. ......................................................................................................... 149
Figure 5.2.10: Surface temperature of the sorghum bagasse during microwave drying at
1000W 25°C………… ........................................................................................................ 150
Figure 5.2.11: Surface temperature of sorghum bagasse during microwave drying at
1000W 55°C………………………………………………………………………………… 151
Figure 5.2.12: Average power reflected and transmitted for each microwave power
level setting…………. ........................................................................................................ 152
Figure 5.2.13: Average surface temperature of the sorghum bagasse during the transient
testing period……….. ......................................................................................................... 154
Figure 5.2.14: Average surface temperatures of the sorghum bagasse during steady
state testing………………………………………………………………………………….. 155
Figure 5.2.15: Maximum overall surface temperatures of sorghum bagasse versus power
during steady state testing ................................................................................................... 156
Figure 5.2.16: The moisture content distribution in the microwave for 0 and 200W at
steady state………………………………………………………………………………….. 158
Figure 5.2.17: The moisture content distribution in the microwave for 600 and 1000W at
steady state………………………………………………………………………………….. 158
Figure 5.2.18: Drying rate of sorghum bagasse during conventional and microwave drying 162
Figure 5.2.19: Average power consumption from the fan and conveyor belt system and
microwave power…………………………………………………………………………… 163
Figure 5.2.20: Drying rate to power ratio for percentage of moisture content removed per
minute per watt……… ........................................................................................................ 164

xiii

ABSTRACT
Due to limited supply of traditional fossil based fuels, and increased interest in air and
water quality along with other environmental concerns, there has been a rise in the utilization of
biomass based energy sources. Many agricultural materials can be used for the production of
biofuels, including materials that are typically underutilized such as sweet sorghum bagasse and
otherwise nuisance species such as Chinese tallow tree seeds. The goal of this project was to
examine the relationship between the dielectric properties of sweet sorghum bagasse and Chinese
tallow tree (CTT) seeds, respectively, and frequency and moisture content; to determine pertinent
thermal properties of these materials, and to optimize process parameters of a continuous belt
microwave drying system for improved biofuel production.
Prior to microwave drying, the elemental composition, fatty acid composition, oil
content, and various thermal properties for each of the component layers of CTT seeds were
investigated. These tests revealed dramatic differences between each of the component layers of
CTT seeds. For both sorghum bagasse and CTT, the dielectric properties across a range of
moisture contents and frequencies were measured. The values obtained here were applied to the
calculation of the penetration depth of microwaves through the materials in order to illustrate
how these materials would behave when exposed to microwave energy. The dielectric properties
for each material were found to be dependent on both frequency and moisture content.
For microwave drying tests, the parameters investigated include microwave power levels
(300W, 750W, and 1.2kW) and ambient air temperatures (room temperature and 55°C) with total
residence time of 5 minutes. Data collected included humidity, temperature, sample surface
temperature, moisture content, and absorbed microwave power. The moisture removed when
microwaves are used is greatly in excess of the internal air moisture holding capacity, due to

xiv

forced removal of water from the samples via pressure gradients generated by direct interaction
with the water molecules in the matrix. Results indicate that microwave drying achieves results
better than the control with respect to moisture removed per unit energy input.

xv

CHAPTER 1
INTRODUCTION
1.1. Justification of Research:
In 2005, the Energy Policy Act was signed into law, which mandates that by 2022 the
United States should produce 15 billion gallons of biofuels, 4 billion gallons of non-corn ethanol
biofuels, 1 billion gallons of biomass-based biodiesel, and 16 billion gallons of cellulosic
biofuels produced from wood, grasses, or non-edible plant matter (Congress, 2005; Bennett,
2011). Such interest in the production of biofuels stems from increasing environmental concerns
as well as the depletion of current supplies of fossil fuels. Rising oil prices due to high energy
demands and increased efficiency in the production of these biofuels has lead to bioenergy
becoming more competitive with traditional fuel sources (Roos et al., 1999).
While there are many sources for alternative energy production, biomass based sources
are the only type that is directly convertible into a refined liquid fuel for use in unmodified
vehicles (Gui et al., 2008). Thus, production of biodiesel and ethanol based fuels are key to
responding to current energy demands in America and around the world.

Biodiesel and

bioethanol are of particular interest as both are biodegradable, have a lower toxicity than fossil
fuels, and have lower emission profiles as compared to petroleum based fuels (Meher et al.,
2006; Vecchiet, 2010). A major concern exists relative to the use of agricultural resources for
the production of biofuels (Perlack et al., 2005; Huber et al., 2006). Consequently, for an
alternative fuel to be considered viable, it must be environmentally sustainable as well as have
minimal impact on world food supply and agricultural land. Materials suited to this ideal include
lignocellulosic based crops suitable for conversion into bioethanol, biomethanol, and bio-oil such
as sweet sorghum, energy cane, woody biomass; whereas, high oil content seeds like Chinese
1

tallow tree (CTT) seeds and other high oil content materials such as algae, are suitable for
conversion into biodiesel. In the case of sweet sorghum, the material chosen for this study, the
leftover bagasse that would normally be discarded after sugar extraction would be utilized for
biofuel conversion by fermentation or thermochemical processes such as pyrolysis and
liquefaction. The CTT seeds are the product of a species that is considered invasive in the U.S.
and would provide a potential alternative usage for this species. Potentially, the branches and
twigs leftover after harvesting could also be used as an alternative wood fuel source. The CTT
seeds are of particular importance as they are not a food crop and can be grown on fields not
currently used for agricultural production (Bolley and McCormack, 1950; Scheld, 1984;
Urbatsch, 2000).
An important factor in the production of biofuels is the moisture content of the initial
biomass material.

Moisture removal substantially improves production of biodiesel

transesterification in-situ (Haas and Scott, 2007), which is performed directly in the original
biomass without separate extraction of oil.

As the overall goal in biofuels research is

determining methods that allow for increased efficiency and cost-effectiveness, in-situ
transesterification allows for elimination of processing and refinement of the lipids in order to
achieve biodiesel production (Haas et al., 2004). However, this process is most effective when
the moisture content is at or below 2.6% dry basis (Haas and Scott, 2007). Thus, it has become
necessary to determine an efficient drying method for these materials.

As compared to

conventional drying, microwave drying offers the advantages of shorter drying times, improved
energy transfer into the matrix, increased productivity, and greater energy savings (Al-Duri and
McIntyre, 1992; Shivhare et al., 1993; Zhang et al., 2006).

2

This project focused on understanding the fundamentals of heating and drying
mechanisms of CTT seeds and sweet sorghum bagasse undergoing continuous microwave
drying. Until now, there have been no research reports on continuous microwave drying of
either CTT seeds or sorghum bagasse, thus there is a gap in knowledge pertaining to the
temperature and moisture distribution in these materials during microwave processing. For
lignocellulosic materials, reduced moisture content is of particular importance during storage to
prevent biomass losses, increase burning efficiency in the case of direct burning in boilers, and is
critical in the bio-oil production via gasification and pyrolysis, as the presence of water is
detrimental to the process’s efficiency. At present, there is no data available related to the
dielectric and thermal properties of these materials. Additionally, in continuous microwave
drying, the influence of dielectric properties on the temperature profiles and moisture distribution
in these materials has never been examined. This project addresses these fundamental issues of
continuous microwave drying.
The manuscript is structured in four main parts with divisions in each corresponding to
the different materials examined. The first part is an in-depth literature review covering the
entire range of materials presented here as well as an analysis of past studies and how they relate
to the current research. The second part deals with the thermal properties of the materials and
how this relates to material composition. The third part deals with the dielectric properties of
whole CTT seeds and sorghum bagasse and the dependence of dielectric properties on moisture
content and frequency. The fourth part covers the development of microwave processing
parameters for continous microwave drying of CTT seeds as well as for sorghum bagasse. In
this part, the interpretation of the temperature distributions and moisture reduction data, as
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related to dielectric and thermal properties, and the relationship between the surface temperature
of the materials and the internal temperature based on thermal properties, is also presented.
The information and technologies presented in this study create a theoretical and practical
foundation for improvements in microwave drying and moisture content determination in
biomass materials for use in improving biofuel production at both the lab and industrial scales.
1.2. Objectives:
The research objectives were:
•

To determine the specific heat, thermal diffusivity, thermal conductivity, and other
thermal characterisitics of CTT seeds and sweet sorghum bagasse.

•

To determine the dielectric properties of CTT seeds and sweet sorghum bagasse at
microwave frequencies and their relationship to moisture content.

•

To determine the influence of material properties on temperature distributions and
moisture reduction during microwave drying.

•

To optimize microwave processing parameters for a continuous belt microwave dryer to
achieve sufficient moisture reduction for CTT seeds and sweet sorghum bagasse.

1.3. References:
Al-Duri B., McIntyre S. (1992) Comparison of drying kinetics of foods using a fan-assisted
convection oven, a microwave oven and a combined microwave/convection oven. Journal
of Food Engineering 15:139-155.
Bennett D. (2011) Biofuel advocates: proposed legislation, new study both flawed, Southwest
Farm Press, Penton Media, Inc.
Bolley D., McCormack R. (1950) Utilization of the seed of the Chinese tallow tree. Journal of
the American Oil Chemists' Society 27:84-87. DOI: 10.1007/bf02634394.
Congress. (2005) Energy Policy Act of 2005, in: U. S. Congress (Ed.), Public Law 209-58,
United States Government Printing Office, Washington, D.C.
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Gui M.M., Lee K.T., Bhatia. (2008) Feasibility of edible oil vs. non-edible oil vs. waste edible
oil as biodiesel feedstock. Energy 33:1646-1653.
Haas M.J., Scott K.M. (2007) Moisture removal substantially improves the efficiency of in situ
biodiesel production from soybeans. Journal of the American Oil Chemists' Society
84:197-204.
Haas M.J., Scott K.M., Marmer W.N., Foglia T.A. (2004) In situ alkaline transesterifcation: an
effective method for the production of fatty acid esters from vegetalbe oils. Journal of the
American Oil Chemists' Society 81:83-89.
Huber G.W., Iborra S., Corma A. (2006) Synthesis of transportation fuels from biomass:
chemistry, catalysts, and engineering. Chemical Reviews 106:4044-4098.
Meher L.C., Sagar D.V., Naik S.N. (2006) Technical aspects of biodiesel production by
transesterification - a review. Renewable and sustainable energy reviews 10:248-268.
Perlack R.D., Wright L.L., Turhollow A., Graham R.L., Stokes B., Erbach D.C. (2005) Biomass
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Oil Chemists' Society 61:670-671.
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CHAPTER 2
LITERATURE REVIEW
A popular topic in today’s media is the dwindling supply of national fuel supplies and the
United States dependency on foreign fuel resources. Due to limited supply of traditional fossil
based fuels and increased interest in air and water quality, along with other environmental
concerns such as greenhouse gas emissions, there has been a rise in the utilization of biomass
based energy sources. Rising oil prices due to high energy demands, especially from developing
countries, as well as political instability in many producing regions along with increased
efficiency in the production of these biofuels, has lead to bioenergy becoming more competitive
with traditional fuel sources (Roos et al., 1999). In 2005, the Energy Policy Act was signed into
law, which mandates that by 2022 the United States should produce 15 billion gallons of
biofuels, 4 billion gallons of non-corn ethanol biofuels, 1 billion gallons of biomass-based
biodiesel, and 16 billion gallons of cellulosic biofuels produced from wood, grasses, or nonedible plant matter (Congress, 2005; Bennett, 2011). Accordingly, these alternative fuels must
be technically feasible, economically competitive, environmentally acceptable, and readily
available (Meher et al., 2006).

These factors create an environment whereby renewable

resources can be used as viable alternative fuel sources.
Although there are many different renewable resources available in the form of wind,
solar, and geothermal energies, biomass has great potential as a sustainable energy source
(Perlack et al., 2005; Huber et al., 2006). Biomass, which includes all plant and plant-derived
materials, is currently the only renewable source for liquid transportation fuels (Perlack et al.,
2005). Thus, production of biodiesel, which is biodegradable, non-toxic, and has low emission
profiles as compared to petroleum diesel, is key to responding to current energy demands in
6

America and worldwide (Meher et al., 2006). Similarly, bioethanol is also biodegradable and
can improve the combustion efficiency of gasoline by reducing the carbon monoxide and
unburned hydrocarbon emissions resulting in improved fuel economy and, if blended with
gasoline, can extend fuel supplies and be used in unmodified engines to balance the use of
imported fuel versus domestically produced fuel (Department of Energy, 2005).

For the

production of bio-oil, which is an alternative to petroleum based fuel crude oils, dried biomass is
used as a precursor in gasification and pyrolysis processes. Currently, the United States uses
biomass to provide about 3% of the total energy consumed, but may be capable of producing a
sustainable supply of biomass to provide for approximately 30% of current fossil fuel usage
(Meher et al,. 2006).
Significant expansion of the biomass industry in the United States will require the use of
dedicated bioenergy crops (Walsh et al., 2003). Since a major input into bioenergy production is
land, competition with food production is an important aspect determining the global bioenergy
potential (Seibert et al., 1986; Fischer and Schrattenholzer, 2001). More specifically, bioenergy
crops need high growth rates across a range of growing conditions so that they can be grown in
regions where they will be agronomically and ecologically appropriate (Vermerris, 2008; Barney
and DiTomaso, 2011). The US Department of Agriculture predicts that nearly 50% of the
biomass needed to meet the Renewable Fuel Standard will be grown in the Southeast, with an
additional 43% in the Central-Eastern US based on climatic variation, land availability, and
resource requirements such as irrigation (USDA, 2010; Barney and DiTomaso, 2011). Selection
of species for cultivation is thus based on type of biofuel required as well as selecting bioenergy
crops that require minimal inputs for production.
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Currently, ethanol and biodiesel represent the only alternative and renewable energy
source available as liquid transportation fuels and current production relies heavily on food crops
of grain and sugar for ethanol and oilseed plants for biodiesel, which raises concerns about food
prices and long term sustainability when combined with concerns about increasing population
sizes (Vermerris, 2008). For the production of biodiesel, a variety of animal fats or vegetable
oils are used, including oilseeds with very high oil contents such as rapeseed, peanuts, sunflower
seeds, cottonseed, or soybeans (Freedman et al., 1984; Georgogianni et al., 2008). Biodiesel fuel
may also be produced from the oils in algae (Lundquist et al., 2010), and of more recent interest,
from Chinese tallow tree seeds, which have been shown to have a composition suitable for
biodiesel conversion (Boldor et al., 2010). However, as these oils typically contain free fatty
acids, phospholipids, sterols, water, odorants, and other impurities, the oil is modified chemically
before use (Meher et al., 2006). Although several methods exist for the conversion of oil into
biodiesel, transesterification is the most widely used (Ma and Hanna, 1999; Meher et al., 2006;
Georgogianni et al., 2008). The transesterification reaction is affected by the molar ratio of
glycerides to alcohol, catalysts, reaction temperatures, reaction times, as well as the water
content of oils or fats (Freedman et al., 1984; Ma and Hanna, 1999).
For the production of bioethanol, which may be used directly as fuel, as a fuel additive,
or for the transesterification process to produced biodiesel, either starch-based grains
(commercially) or lignocellulosic biomass are typically used. Lignocellulosic material can be
converted into liquid fuels by three primary routes including gas production by gasification, biooil production by pyrolysis or liquefaction, or hydrolysis of biomass to produce sugars which
may then be converted into ethanol (Figure 2.1) (Huber et al., 2006). For usage in pyrolysis, it is
key that the feed material have a moisture content less than 10% (Huber et al., 2006). Other
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thermal conversions, such as combustion and gasification, are also improved with a drier
biomass feed (Hamelinck et al., 2003). Typical lignocellulosic sources include herbaceous crops
such as switchgrass, crop residues such as the stalks of sorghum, wheat, barley, and oat as well
as corn stover among others (McLaughlin and Walsh, 1998; Fischer and Schrattenholzer, 2001;
Aden et al., 2002). Forest type materials such as dedicated short rotation wood crops, forest
products residues, and forest thinning are also typical lignocellulosic sources. These sources
may also be utilized for energy production through direct combustion.
Alkanes
Syngas
(CO + H2)

Gasification

Methanol

Hydrogen

Cellulosic
Biomass

Pyrolysis or
Liquefaction

Bio-oils

Liquid Fuels

Ethanol
Feedstocks include: forest wastes
(e.g. wood, logging residues),
agricultural wastes (e.g. corn stover,
crop residues), energy crops (e.g.
grasses, corn, sugar cane) or aquatic
plants (e.g. water hyacinth)

Aqueous
Sugar

Aromatic
Hydrocarbons
Liquid Alkanes
or Hydrogen

Hydrolysis

Lignin

Etherified
gasoline

Figure 2.1: Production of fuels from lignocellulosic biomass. Adapted from (Huber et al., 2006).
The cost of production, which is a major hindrance to the commercialization of these
biomass based fuels, may be reduced by correcting process inefficiencies. For fuel production
from lignocellulosic sources as well as transesterification of vegetable oils to produce biodiesel,
process efficiencies are improved through moisture removal prior to processing. Additionally,
wet biomass is very susceptible to decomposition which may result in dry matter losses as well
as causing fire and health hazards (Hamelinck et al., 2003). Drying may also reduce the cost of
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transporting materials, which is typically a major factor in cost estimates for industrial
installations. All drying operations depend on the application of heat to remove water and may
involve various modes of heat transfer such as convection, conduction, or radiation (Sharma et
al., 2000). These drying methods may be further classified into batch or continuous drying.
Natural drying and low temperature convective air drying are the most common drying
methods (Zhang et al., 2006; Soysal et al., 2009). Both have the disadvantage of lengthy drying
times, while the convective air drying also has very low energy efficiencies (Maskan, 2001). As
the reduction of drying times and energy consumption is a constant goal in drying processes,
microwave drying techniques offer a promising alternative to traditional methods (Soysal et al.,
2006; Bartholme et al., 2009; Alibas, 2010). Microwave drying has been performed across a
wide range of materials including peanuts (Boldor et al., 2005a; Boldor et al., 2005b), herbs
(Soysal et al., 2006; Özbek and Dadali, 2007; Soysal et al., 2009; Alibas, 2010), grains
(Gorakhpurwalla et al., 1975; Shivhare et al., 1992a; Shivhare et al., 1992b; Shivhare et al.,
1992c; Shivhare et al., 1993), wood (Hansson and Antti, 2003; Seyfarth et al., 2003; Leiker and
Adamska, 2004; Bartholme et al., 2009), fruits and vegetables (Drouzas and Schubert, 1996;
Litvin et al., 1998; Maskan, 2001; Cui et al., 2004; Orsat et al., 2007; Li et al., 2010; Marra et
al., 2010), and porous materials (Ratanadecho et al., 2002) among many other similar materials.
At present, no literature could be found on the microwave drying of Chinese tallow tree seeds or
sweet sorghum bagasse.
Microwave drying provides the opportunity for uniform energy and high thermal transfer
to the inner portions of materials, improved space utilization (equipment footprint), energy
savings, and process control that is not available in conventional thermal methods (Özbek and
Dadali, 2007). Typically, microwave drying systems are combined with convective or vacuum
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drying systems to improve energy efficiency and product quality while avoiding overheating
(Zhang et al., 2006; Soysal et al., 2009). Most studies indicate that drying times were optimal
when microwave and convective drying are combined and suggest that high temperatures should
be avoided for higher product quality in studies where microwave drying was compared to airand combined microwave-air drying

(Soysal et al., 2009; Alibas, 2010).

These quality

parameters are mostly related to suitability as foods and may not be important for biofuel
production. These studies also indicate that the optimum drying period coincides with the lowest
energy consumption, which occurs with continuous microwave-air drying over microwave only
treatments as well as intermittent microwave-air drying (Soysal et al., 2009; Alibas, 2010).
Specific material properties also affect significantly the effectiveness of microwave
drying. Water content plays an important role in the material characteristics as it can influence a
material’s thermal properties such as its specific heat and thermal conductivity, as well as
contribute to its dielectric properties. The dielectric properties of interest are the dielectric
constant and the dielectric loss factor. Meredith provides a good introduction to the interaction
of microwaves and dielectric materials (Meredith, 1998). Basically, the dielectric constant (ε’) is
related to a material’s ability to store energy in an electric field, while the dielectric loss (ε”) is
the material’s ability to absorb energy when placed in an electric field. A number of analyses of
dielectric properties as related to microwave heating processes in food and other materials have
appeared in literature (Ayappa et al., 1991; Clemens and Saltiel, 1996; Ratanadecho et al., 2002;
Schubert and Regier, 2005; Heng et al., 2010). A larger number of studies have been performed
detailing the dielectric properties of a variety of materials, including those used in biofuels
processing in addition to other agricultural products, at microwave frequencies (Nelson, 1973a;
Nelson, 1973b; Nelson and Stetson, 1976; Nelson, 1978; Nelson, 1984; Trabelsi and Nelson,
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2003; Boldor et al., 2004; Nelson and Trabelsi, 2006; Guo et al., 2008; Guo et al., 2010; Paz,
2010; Trabelsi et al., 2010). In general, for agricultural materials, it was found that as the
moisture content increases, the dielectric constant increases, while the dielectric loss may
decrease or increase depending on the frequency range and moisture content used (Nelson,
1981).
Understanding the principles involved in heat transfer is also essential to understanding
the mechanisms behind microwave drying. Two thermal properties that play a large role in heat
transfer are a material’s thermal conductivity as well as its specific heat capacity. A variety of
methods may be used to determine these properties in biological and composite materials and
have been discussed by a variety of reviews (Progelho et al., 1976; Nesvadba, 1982; Sahin and
Sumnu, 2006). Some methods discussed include use of equipment such as differential scanning
calorimeters as well as predictive methods based on material composition (Sahin and Sumnu,
2006).
This review provides a partial understanding of the many factors involved in biofuel
production as well as in microwave drying. The information presented in literature is very
limited in terms of the scope of the specific agricultural materials studied herein and much more
research needs to be performed in order to fully maximize the development and
commercialization potential of biofuels. At present, no studies have been performed concerning
the dielectric properties and microwave drying of sweet sorghum bagasse or of CTT seeds, nor
of the thermal properties of CTT seeds, which will be presented here.
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CHAPTER 3
THERMAL PROPERTIES OF CHINESE TALLOW TREE SEEDS AND SWEET
SORGHUM

3.1. Introduction:
Rising fuel costs combined with increasing energy demands and decreasing fossil fuel
supplies have led to increased interest in alternative fuel sources. For direct conversion into fuel
compatible with modern-day vehicles, biomass sources for bioethanol, biomethanol, and
biodiesel are of particular interest. Although a variety of biomass sources are available, such as
corn and grain starches, oil seeds, and lignocellulosic materials, those that do not have potential
impacts on food crops and prices, have the greatest long-term potential. Two potential materials
that are not used as food sources are the seeds of the Chinese tallow tree and the lignocellulosic
biomass of sweet sorghum bagasse.
The Chinese tallow tree (CTT) or Sapium sebiferum was introduced to the United States
by Benjamin Franklin due to its physical appearance, pest resistance, and colorful fall leaves
(Jubinsky and Anderson, 1996; Urbatsch, 2000).

However, this plant has become a subtropical

invader in the Southeastern U.S. due to its ability to naturalize a variety of habitats (Jubinsky and
Anderson, 1996; Urbatsch, 2000). CTT seeds are unusual in that they contain both a highly
saturated fat and a highly unsaturated oil (Bolley and McCormack, 1950).

Due to its success as

an invasive species and its resistance to many known elimination methods, alternative usage of
the species has been suggested, including oil for varnishes and paints as well as soap, and
biofuels (Bolley and McCormack, 1950; Jubinsky and Anderson, 1996). CTT is one of nature’s
most prolific producers of renewable hydrocarbons, estimated to yield the equivalent of 500
gallons of fats and oils per acre per year, far exceeding the yields of traditional oil seed crops
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(Scheld, 1984; Urbatsch, 2000; Shupe, 2006). As a non-food material, CTT does not displace
traditional crops, but the seeds can still contain more than 40% lipids (Duke, 1997). The lipid
content is distributed almost equally between the external vegetable tallow coating and the seed’s
kernel. Both the stilingia oil contained within the seed’s kernel and the saturated lipids in the
external layer are suitable for conversion into biodiesel (Shupe, 2006). Currently, no studies
have been found in literature related to the thermal material properties of CTT seeds.
Sorghum (Sorghum bicolor (L.) Topper) is very important in the human diet throughout
the world and for forage in the United States (Duke, 1983). It is commonly grown for grain,
forage, syrup, and sugar production; more recently it has been considered a potential source for
biofuels due to the high biomass yield and relative tolerance to climatic conditions unsuitable for
sugarcane (Duke, 1983; Worley et al., 1992). Previous studies comparing various sugar crops
have indicated that sweet sorghum may have the best long range potential for ethanol production
compared to sugarcane and beets, as it can be grown over a much larger geographic region
(Nathan, 1978; Duke, 1983; Worley et al., 1992).
After harvesting, the stalk material may be divided into two fractions: the pith fraction,
which contains most of the juice and sugar, and the rind-leaf fraction or bagasse, which contains
most of the fiber (Worley et al., 1992). The juice and sugar may be directly fermented into
ethanol while the fiber may be converted into ethanol by a process that hydrolyses the cellulose
into sugar, which may then be fermented. Alternatively, the biomass can be converted via a
biochemical or thermo-chemical process such as pyrolysis or gasification into a bio-oil. This
study is focused on making the processing for lignocellulosic conversion more economical by
improving process inefficiencies in the pretreatment/hydrolysis operations. Although a number
of studies have been performed on the thermal properties of sorghum grains and starches, no
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studies have been performed on the thermal properties of sorghum bagasse (Mohsenin, 1980;
Akingbala et al., 1988; Hwang et al., 2004; Kulamarva, 2005).
In order to predict the thermal stability of a material as well as potentially determine the
material composition, thermogravimetric analysis (TGA) is typically performed. TGA is widely
used to study the pyrolysis and combustion behavior of fuels in order to study their burning
properties (Gil et al., 2010; Yuzbasi and Selcuk, 2011). This analysis technique measures the
amount and rate of change in the weight of a material as a function of temperature or time under
a controlled atmosphere and can be used to characterize materials that exhibit weight loss or gain
due to decomposition, oxidation, or dehydration (Zhang et al., 2009). The heating, drying and
thermal decomposition of biomass fuels are endothermic processes and the char and volatiles
oxidation are exothermic processes (Skreiberg et al., 2011). The application of technologies
using biomass fuels for energy purposes requires knowledge of the thermal behavior of these
fuels and reliable kinetic data describing their thermal decomposition behavior (Skreiberg et al.,
2011). For lignocellulosic materials, like sweet sorghum bagasse and the internal shell of CTT
seeds, the thermal degradation characteristics are strongly influenced by their chemical
composition: cellulose, hemicelluloses, and lignin (Mansaray and Ghaly, 1999; Kim and Eom,
2001; Skreiberg et al., 2011). In fats and vegetable oils, oxidation reactions plays a predominate
role in the thermal degradation characteristics (Hassel, 1976). For waxes, studies have been
performed concerning the oxidative stability of wax esters including oils from the jojoba seed as
well as for characterization of hydrocarbon waxes such as paraffin and carnauba wax (Craig et
al., 1971; Hagemann and Rothfus, 1979), the results of which may help in the determination of
characteristics within the materials studied here.

20

According to Gabbott, differential scanning calorimetry (DSC) is the most popular
thermal analysis technique (Gabbott, 2007). DSC is designed to measure endothermic and
exothermic transitions as a function of temperature including a range of thermal events including
melting, crystallization, glass transitions, curing reactions and decomposition reactions (Zhang et
al., 2009).

In DSC analysis, sample size plays an important role in the accuracy and

reproducibility of results. A thick sample is expected to have a higher thermal resistance than a
thin sample (Zhang et al., 2009). Thus, small sample masses must be used to ensure good
thermal conductivity. Heating rates, thermal history, and atmosphere also play an important role
in DSC analysis (Zhang et al., 2009). Lower heating and cooling rates allow for better thermal
transitions, while nitrogen is typically used for providing the atmosphere as it is lower in cost
than helium, but does not accelerate reactions like oxygen (Zhang et al., 2009).

As with TGA

analysis, the DSC thermolytic behavior of biomass materials is dependent on its chemical
composition and structure (Fisher et al., 2002). A variety of methods traditionally used to
determine these values are discussed in Physical Properties of Foods by Sahin and Sumnu (Sahin
and Sumnu, 2006). The presence of water plays an important role in the temperature at which
thermal transitions occur in materials such as the glass transition (Louaer et al., 2008). An
ultimate analysis as well as a fatty acid analysis of the oils from each component layer were also
utilized to help determine behavioral characteristics. As these transition temperatures from the
DSC analysis may play an important role in the stability of the CTT during storage, they can
impact the quality of oil extracted from the seeds following microwave heating, drying, or other
processing steps. While a large number of studies have been performed on the thermal
characterization of flours and starches (Kulamarva, 2005), none have been on the thermal
properties of CTT seeds.
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For process engineering, specific heat capacity plays a major role as it is a
thermodynamic property that directly reflects the molecular structure and composition of a
material (Louaer et al., 2008). Thermal conductivity (the ability to conduct heat) and thermal
diffusivity (the ability of a material to conduct thermal energy relative to its ability to store
thermal energy) are also important properties required for process design calculations. A number
of papers detail common values for the thermal conductivity and specific heat of agricultural
materials including a range of grains and seeds (Stroshine, 2004; Jirickova et al., 2006). The
present study of the thermal properties of CTT seeds and sweet sorghum is based on the current
lack of information on these materials with regards to their thermal characterization.
For this study, Chinese tallow tree (CTT) seeds and sweet sorghum bagasse were
considered as a raw feedstock for biodiesel and lignocellulosic ethanol, respectively. A number
of thermal material characteristics were investigated including specific heat and thermal
conductivity of these materials with potential for bioenergy production.

CTT seeds were

analyzed using a thermogravimetric method, differential scanning calorimetry (DSC), ultimate
analysis of each layer, gas chromatography of the oils, and a thermal conductivity probe,
whereas the sorghum bagasse was analyzed using only the thermal conductivity probe, in order
to determine material composition and heating characteristics.
3.2. Materials and Methods:
3.2.1. Sample Preparation of CTT:
The Chinese tallow tree samples were harvested from trees local to the Baton Rouge area
during the months of October and November 2010. Seeds were harvested by hand and placed in
2 gallon plastic storage bags. To account for differences in the moisture content of the seeds due
to varying harvest times, the seeds were thoroughly mixed together prior to storage. The
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harvested seeds were kept at -20°C to maintain moisture content at time of harvest. Prior to
testing, the seeds were allowed to return to room temperature and then separated by hand into
their component layers (Figures 3.1 and 3.2).

B

C

A

Figure 3.1: Cross-section of CTT seed. A. External wax, B. Shell, C. Internal kernel.

A

B

C

D

Figure 3.2: Component layers of CTT seeds. A. External Wax, B. Shell, C. Internal Kernel, D.
Whole Seed.
To remove the outer wax layer, a blunt tool was used to scrape the outer surface until
only the hard shell remained. This hard shell was then cracked and set aside from the inner
kernel layer. As each layer was removed, it was weighed and a percentage of the total mass per
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seed was calculated for each layer. The mass percentage was measured in triplicate. For TGA
and DSC analysis, each layer was ground with mortar and pestle. For thermal conductivity
analysis, a fine grade food mill was utilized to grind the shell, kernel, and whole seed to aid in
compression of the materials. The external wax of the seed was sufficiently broken up during
removal such that grinding was not necessary prior to thermal analysis. CTT samples were then
utilized for TGA, DSC, and KD2 Pro thermal properties analysis.
3.2.2. Oil Extraction:
Following basic thermal analysis, each layer, as well as the ground whole seed samples,
was sent through an oil extraction process. Soxhlet extractions with hexane were run for 10 hours
in duplicate to establish maximum oil content. Following extraction, the samples were cooled
and the oil-solvent mixture was vacuum-filtered through a 1.2 m Whatman filter paper (Whatman,
Cat. 14 No.GF/C 1822047, UK) to separate the cake from the oil-solvent mixture. The filtered oil-

solvent mixture was then sent through a rotary evporator to evaporate the solvent. Recovered
oils (Figure 3.3) were then sent through ultimate and fatty acid analysis. The remaining cake was
sent through DSC and TGA analysis. The oil content as a percentage was determined by
dividing the mass of the oil obtained by the mass of the original sample (on a dry weight basis)
subjected to extraction and multiplying this value by 100.

Figure 3.3: Oil samples following extraction.
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3.2.3. Sample Preparation of Sweet Sorghum:
Sorghum (Sorghum bicolor (L.) Topper) was harvested from the Hill Farm Research
Station (Homer, LA) at the Lousisana State University Agricultural Center. Leaves, roots and
grains were removed and the stalks were crushed in a roller press (Farrel Company, Ansonia,
CT) three times to extract the juice. The remaining fibers or bagasse were stored in sealed bags at
-20oC to maintain moisture content following processing. Prior to testing, the sorghum was
removed from the freezer and allowed to return to room temperature before compressing
material for analysis. Sorghum samples were utilized for testing with KD2 Pro equipment only
for specific heat and thermal diffusivity analysis.
3.2.4. Thermogravimetric Analyzer (TGA):
Initial thermal analysis of the CTT seeds, both before and after oil extraction, was
performed using a Thermogravimetric Analyzer 2950 (TA Instruments, New Castle, DE).
Sample holder used was the bottom of an aluminum hermetic pan.

Equipment setup and

calibration was performed according to manufacturer’s instruction. The analysis was performed
in the presence of nitrogen gas, with a temperature ramp of 10°C per min up to a final
temperature of 600°C. Tests were performed separately on a whole seed sample, the kernel, the
woody shell, and on the outer wax.

Analysis was then performed using TA Instruments

Universal Analysis 2000 software. TGA and differential thermogravimetric curves obtained
during pyrolysis were used to determine combustion behavior and some characteristics
temperatures such as initial decomposition temperature (Tin), peak temperature (Tmax), and total
weight loss up to 600°C. A theoretical TGA curve was developed based on the percentage of
mass for each layer per whole seed using equation (3.1) for each data point for the samples prior
to oil extraction:
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(3.1)

This equation is based on applying the additive rule using the profiles of individual components
according to their ratio in the whole seed (Vamvuka et al., 2003; Haykir-Acma and Yaman,
2010).
3.2.5. Differential Scanning Calorimeter (DSC):
DSC analysis of the CTT seeds, both before and after oil extraction, was performed using
a Differential Scanning Calorimeter 2920 (TA Instruments, New Castle, DE). Calibration was
performed using a sapphire disk for hermetic pans (Part # 915079.902, TA Instruments, New
Castle, DE). Purge gas used was nitrogen, while cooling was performed using liquid nitrogen.
Sample masses were less than 20 mg, and were encapsulated in hermetic aluminum pans prior to
testing. The reference pan, used for each experiment, was empty and identical to the one used on
the measuring side. Three heating/cooling cycles were performed over a temperature range of 0
to 200°C under an inert nitrogen atmosphere. Tests were performed on a whole seed sample, the
kernel, the wood shell, and on the outer wax.

Analysis was then performed using TA

Instruments Universal Analysis 2000 Software.

A theoretical DSC curve was created for

comparison with the measured value for the whole seed sample based on the percentage of each
layer per whole seed using equation (3.2) for each data point (Vamvuka et al., 2003; HaykirAcma and Yaman, 2010):
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(3.2)

3.2.6. Ultimate Analysis:
Ultimate analysis was performed in order to measure the total nitrogen and carbon, as
well as quantities of hydrogen, phosphorus, and sulfur. Total nitrogen and carbon were
quantified with CHN analysis in triplicate. Dry samples were combusted in a CHN elemental
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analyzer (Elementar, Vario EL III). Helium was used as a carrier gas. Acetanilide (C = 71.09%;
N = 10.36%; H = 6.71%) was used to calibrate the instrument. To measure the phosphorus and
sulfur (single sample), samples were prepared by weighing ~0.25 grams of aliquots into acidrinsed fluorocarbon digestion vessels supplied with Microwave Accelerated Reaction System
(MARSXpress, CEM Corporation, Matthews, NC) used to digest acidified samples.
Approximately 9 mL of metals grade HNO3 and 1 mL of metals grade HCl was added to each
vessel. The full power of the reaction system was approximately 1200 watts of microwave
energy at a frequency of 2.45 GHz. The method parameters of the microwave system were
600Watt power (100%), ramped to 175°C in 5.5 min, hold for 4.5 min, and then cool-down for
one hour. After digestion, the final volume of the digestate was brought to 50 mL for metals
analysis using reagent grade deionized water (18mΩ). The digestate were analyzed using Varian
Vista MPX simultaneous Inductively Coupled Plasma Optical Emission Spectrometer (ICPOES) with axially viewed plasma (CA, USA). Oxygen content was calculated as the residue
from the balance of the other materials. Results are expressed as a percentage of the total
composition.
3.2.7. Analysis of Fatty Acid Methyl Esters:
Analysis of the fatty acid methyl esters was performed in duplicate in order to
characterize the lipids present in each component layer of the CTT seeds. Samples were prepared
by weighing 20 mg of oil into a 15-mL reaction vial. The sample was then dissolved in 10 mL
of heptane. Approximately, 30 µL of methoxide (1.12 g KOH per 10 mL of methanol) were
added to the kernel, whole seed, and shell lipid extract samples, while 50 µL were added to the
wax samples. The samples were then mixed and centrifuged. A portion of the clear supernatant
(15 µL) was then transferred to a 2-mL autosampler vial. To this was also added, 1 mL of
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heptanes, and 5 µL of the standard solution (hexadecanoic acid). A blank with heptanes and 5
µL of the standard solution was also created. The analyses were performed using a Varian 450GC equipped with a Varian 240-MS (Agilent Technologies, Santa Clara, CA). Experimental
conditions were as described in literature (David et al., 2003). The fatty acid profile was then
determined by dividing the measured quantity in ppm of a particular fatty acid and dividing it by
the total quantity of fatty acids present in the sample. This value was then multiplied by 100 in
order to obtain results as a percentage of fatty acids.
3.2.8. Thermal Properties Analysis:
A KD2 Pro Thermal Properties Analyzer (Decagon Devices, Pullman, WA) was used to
measure the thermal conductivity, specific heat capacity, thermal diffusivity, and thermal
resistivity of selected materials. SH-1 and TR-1 type sensor probes were utilized in conjunction
with the handheld unit. Default settings were adjusted to the maximum allowed 10 minute
sampling period to produce the most accurate results. The material resting period between tests
was set to 20 minutes to allow for the sample to return to room temperature. For all samples,
thermal grease was applied to the probes to minimize contact resistance. Powdered and granular
sample materials were compacted by hand to ensure good thermal contact upon probe insertion
and to minimize the presence of air. The sensor probe was inserted to a depth such that the entire
sensor would be in contact with sample. Sample volumes were such that a minimum of 1.5 cm
of material was present parallel to the sensor in all directions (Figure 3.4).
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Figure 3.4: Schematic of thermal analyzer setup.
All testing was performed at room temperature. The materials tested, the probe utilized,
as well as the thermal property tested may be viewed in Table 3.1. Although the SH-1 type probe
is capable of measuring the thermal resistivity and thermal conductivity, the TR-1 type probe is
rated to provide better results for those properties. Certain tests were limited by sample
availability as well as system limitations that did not allow for accurate testing. Specifically, the
TR-1 probe which required prohibitively large samples for the CTT seeds individual components
was not used in these tests (Table 3.1). A variety of other materials were tested for comparison
with the CTT seeds and the sorghum bagasse.

Three replicates were performed for each

sample/probe combination. Statistical analysis was performed using Microsoft Excel 2007 with
Analysis ToolPak add-in using two-sample t-tests assuming equal variance and single-factor
ANOVA.
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Table 3.1: Thermal Property Reading of Selected Materials.
Thermal
Specific Heat Thermal
Conductivity
Capacity
Diffusivity

Thermal
Resistivity

Sample Material

Probe(s)

CTT Whole Seed
(ground)

SH-1
TR-1

Yes
Yes

Yes
No

Yes
No

Yes
Yes

CTT Kernel (ground)
CTT Shell
(ground)
CTT Wax
(granular)
Sweet Sorghum
Bagasse

SH-1

Yes

Yes

Yes

Yes

SH-1

Yes

Yes

Yes

Yes

SH-1

Yes

Yes

Yes

Yes

SH-1
TR-1
SH-1
TR-1
SH-1
SH-1
SH-1
TR-1

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
No
Yes
No
Yes
Yes
Yes
No

Yes
No
Yes
No
Yes
Yes
Yes
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Soy Flour
Peanut Butter
Candle Wax
Sawdust

3.3. Results and Discussion:
3.3.1. Thermogravimetric Analysis:
Pyrolysis is the thermal degradation process of carbonaceous materials in the absence of
oxygen and is important in the thermal conversion process for combustion and gasification
(Bridgwater, 2003; Weerachancahi et al., 2010). TGA testing of CTT seed components was
performed under N2 atmosphere.

The TGA thermal curve (weight loss) and derivative

thermogravimetry (DTG) curve are shown in Figure 3.5. The pyrolysis characteristics
determined from these profiles are summarized in Table 3.2, where Tin is the onset of pyrolysis,
Tmax is the temperature at which the main decomposition peak occurs, d%m/dtmax is the
maximum rate of decomposition, and the total weight loss is the percentage of the original
sample that has decomposed. Percent composition of each component layer toward the whole
seed content as well as percentage of lipids and waxes in each layer is also described (Table 3.2).
The CTT kernel was found to form the largest percentage of the seed on a mass basis. For TGA
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analysis, not enough repetitive scans were performed to determine the deviation associated with
the procedure as all scan repetitions yielded identical results to those first obtained.
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Wax

Shell

Kernel Deriv.
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Wax Deriv
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S1
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0
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Figure 3.5: TGA (dotted lines) and DTG (solid lines) thermal curves of CTT seed component
layers. S, W, and K refer to peaks in shell, wax, and kernel layers, respectively.
Table 3.2: Pyrolysis characteristics and percent composition of each layer as well as percentage
of each layer that is lipids of CTT samples.

Kernel
Wax
Shell

Tin (°C)

Tmax (°C)

(d%m/dt)max

Total Weight Loss
(%) up to 600°C)

235.33
195.35
259.43

416.21
408.12
346.97

0.85
1.88
0.59

90.54
95.93
59.50

Percent mass of
whole seed (%)
37.13
30.89
31.98

Lipids and
Waxes (%)
87.56
61.82
11.28

Three main weight loss steps appear in the DTG profiles (Figure 3.5). The first weight
loss step within the 100-150°C (see S1) temperature range accounts for moisture release for
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absorbed and bound water, while the second and third weight loss steps within 200-500°C
correspond to volatile matter release (see W1, S2, S3, W2, K1) (Barreto et al., 2003; Yuzbasi
and Selcuk, 2011). Total weight loss as described in Table 3.2 is the total percentage of volatiles
present in the materials. The shell had the highest level of material remaining following
pyrolysis. This material present after pyrolysis is ash and the compound lignin and is indicative
of the shell having fewer volatile components and more fixed carbon. To determine which
compounds are remaining, it would be necessary to perform a chemical analysis of the ash.
The wax had the highest rate of decomposition (d%m/dt)max and the greatest weight loss
of the materials studied. The TGA curve of the wax (which is termed wax due to appearance
only) is very similar to that indicated by other hydrocarbon waxes such as paraffin wax, carnauba
wax, and beeswax (Craig et al., 1971). As can be seen from Figure 3.5, pyrolysis of the wax
starts at around 195°C (W1) and continues with its maximum rate and corresponding derivative
peak around 400°C (W2) (Table 3.2).

The kernel, on the other hand, starts devolatilization at

slightly higher temperatures (235°C) and has a peak at 416°C (K1). In the shell DTG profile, the
first peak (S1) is due to the release of water. The second peak around 275°C (S2) most likely
represents the decomposition of hemicelluloses with the peak around 350°C (S3) corresponding
to the decomposition of cellulose (Yuzbasi and Selcuk, 2011). The flat trailing section
corresponds to the decomposition of lignin. Comparison between the profiles shows that the
wax begins to devolatilize at lower temperatures than the shell and kernel. This lower resistance
to heat as displayed by the wax may indicate weaker bonds between the macromolecular
constituents of this biomass (Yuzbasi and Selcuk, 2011). The sharp peak in the wax around
400°C (W2) is most similar to the DTG curve of pure cellulose extracted from wood as seen in
other studies (Raveendran et al., 1996). As diglycerides and triglycerides and some other fatty
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acids have a peak decomposition at 400°C as well (Cayli and Kusefoglu, 2008), the (W2) peak is
likely the combined result of decomposition of both cellulose and lipids. The single peak present
in the curve for the CTT kernel (K1) is at a higher temperature than (W2) because it has a lot of
saturated palmitic acid which is more stable than the unsaturated acids present in the wax layer.
Overall, the K1 peak is likely due to a high prevalence of starch, lipids, and proteins, while the
slight bump present prior to the sharp peak in the DTG curve for the CTT wax (W1) is likely due
to the presence of some hemicellulose (Yang et al., 2006). As protein is known to form a
percentage of the composition of the kernel layer, protein degradation, which effectively begins
around 300°C (Barreto et al., 2003), is also contributing to the peak present in the CTT kernel
curve (K1). Reports indicate that hemicelluloses are known to decompose at 225°C-325°C and
cellulose at 325-400°C (Varhegyi et al., 2009). The peaks in the DTG curve for the CTT shell
follow this trend precisely. As lignin decomposes gradually over a temperature range of 250°500°C, without specific composition data, it is difficult to determine if lignin acts as a major
component in the pyrolysis of CTT seeds (Vassilev et al., 2010). Volatilization of other minor
constituents is also likely occurring simultaneously.
In order to confirm the impact of the lipids on the initial TGA analysis, a second analysis
was performed following oil extraction (Figure 3.6).

Although the peaks occur at lower

temperatures than in the initial test (due to greater separation of components within the samples
allowing for lower pyrolysis temperatures) they may loosely be correlated with those that occur
in Figure 3.5. The first peak (P1) in all three layers (up to 150°C) is attributable to both water
and residual hexane from the extraction step. The second and third peaks (S2 and S3) may be
attributed to the pyrolysis characteristics of hemicellulose and cellulose respectively. For the
DTG curve of wax following extraction, the peak value (W2’) is much lower than the peak for
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the original DTG curve (W2) and shifted toward lower temperatures corresponding to cellulose
decomposition. This confirms that the peak (W2) in Figure 3.5 is the result of a combined effect
of both lipids as well as cellulose.
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Figure 3.6: TGA (dotted lines) and DTG (solid lines) curves of CTT seed component layers
following oil extraction. P, W, S, and K correspond to the first peak, peaks in the wax layer, shell
layer, and kernel layer, respectively.
As the shell still contains 2 main peaks (S2’) and (S3’), the peaks (S2) and (S3) may be
considered entirely due to the presence of hemicellulose and cellulose with minor contributions
resulting from the 11% lipids present in the shell layer. As the kernel still contains one peak
primarily (K1’) shifted to lower temperatures, the original peak (K1) is confirmed as being
primarily due to the presence of starch, protein, and lipids within the kernel layer.
Compositional analysis (hemicellulose, cellulose, and lignin) for each layer may be of interest in
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future studies. Overall, TGA following oil extraction allows us to more clearly see the effects of
hemicelluloses, cellulose, and lignin on the thermal properties of CTT seeds.
Unlike the lack of data pertaining to CTT seeds, information regarding the proximate
analysis, chemical composition, ultimate analysis, TGA, and DTG of sorghum bagasse may be
found in literature (Table 3.3) (Panopoulos and Vamvuka, 2009; Cardoso et al., 2011).
Volatilization of sorghum bagasse was found to begin at 250°C, which corresponded to the
decomposition of sugars and pectin as well as lignin (Cardoso et al., 2011). Other peaks on the
DTG graph for sorghum bagasse follow the characteristics for hemicelluloses in the lower 300’s
and cellulose decomposition in the mid 300’s centigrade (Cardoso et al., 2011).
Table 3.3: Chemical composition, proximate analysis, and ultimate analysis of sorghum
bagasse. Adapted from (a)(Panopoulos and Vamvuka, 2009) and (b)(Cardoso et al., 2011).
Chemical
compositiona
Cellulose
Hemicelluloses
Lignin

Proximate Analysisb

Sorghum
bagasse (%)

32.6 Volatile matter
44.6 Ash
24.9 Moisture (wet basis)
Fixed carbon

81.0
9.5
7.6
1.9

Sorghum
bagasse (%)

Ultimate
Analysisb
C
H
N
O
S

Sorghum
bagasse (%)
68.33
8.64
0.08
22.81
0.14

The overlap between the experimentally found TGA and DTG curves for the whole CTT
seed and the theoretical TGA and DTG curves found by the additive rule of the three
components of the seeds (based on composition % in Table 3.2) indicates a synergy between the
component layers during pyrolysis (Figures 3.7 a and b).
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(a)

(b)

Figure 3.7: Comparison of the TGA (a) and DTG (b) curves for the component layers of CTT
seeds with the theoretical whole seed curves.
Biomass is a multi-component material so its decomposition occurs simultaneously,
which complicates determination of individual components (Figure 3.8). The whole seed profile
lies between those of its component layers. Theoretical and experimental profiles of the whole
seed virtually overlap with only slight deviations that may be due to differences in percentage of
each component layer present. Linear statistical analysis of the theoretically derived values
versus the experimentally measured values indicate a very high correlation (r2=0.999); similar
results may be obtained for their derivatives (r2=0.983), which aids in the confirmation of the
validity of the addition rule. In the experimentally and theoretical measurement of the DTG
curve for the whole seed sample, the first peak is most likely due to the presence of
hemicellulose (Singh et al., 2007), while the second and third peaks are due to cellulose and
lipids/proteins combined. The sharp increase present in the third peak is likely due to the
additional decomposition of lipids at this temperature (400°C).
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Figure 3.8: TGA and DTG profiles of whole CTT seeds.
3.3.2. Lipid Composition and Ultimate Analysis:
As the material composition plays an important role in the thermal effects present in the
TGA, DTG, and DSC curves, an ultimate analysis of each component layer as well as a lipid
compositional analysis was performed. As some of the effects present in the DTG curves are
attributable to lipids, it was of interest to measure the fatty acid profile for each component layer.
Other analyses concerning the fatty acid composition of the oil extracted from the whole seed
may be found in literature for a variety of extraction methods (Christie, 1969; Boldor et al.,
2010; Terigar et al., 2010). However, at this present time, there have been no published studies
concerning the composition of each layer of the seeds. For each layer, the fatty acid profile was
determined and is shown in Table 3.4. As some of the elements are fairly small in terms of
percentage of composition, they may not necessarily show up during analysis of the whole seed.
Palmitic acid, which is solid at room temperature, was present in all layers, but forms a major
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component of the kernel and whole seed with a decreased percentage in the shell and wax layer,
respectively. Oleic, linoleic, and γ-linolenic acids, which are unsaturated fatty acids and liquid at
room temperature, are the main components of the wax layer (Figure 3.3 and Table 3.4). Erucic
acid is present in large quantities in all layers, having a majority partition in the shell lipids, and
almost a third of the wax lipids layer. This particular fatty acid renders the lipids in CTT seeds
unsuitable for human consumption, and is also present in rapeseeds in large quantities. Other
fatty acids are also present in lesser quantities in each component layer. By determining the fatty
acid profile for each layer, for future processing, we may determine which layer is of the highest
value and perform oil extractions on that layer specifically, which could possibly alter current
processing methods.
Table 3.4: Fatty acid methyl esters of CTT seed oil for each component layer as percentages with
lipid percentage in parentheses.
Kernel
Wax
Shell
(87.56%) (61.82%) (11.28%)
Compound Name
Lauric Acid (C12:0)
0.00
0.00
0.16
Palmitic Acid (C16:0)
62.57
9.84
19.81
Heptadecenoic Acid (C17:1)
2.15
5.90
9.98
Stearic Acid (C18:0)
0.54
0.00
0.00
Oleic (C18:1)
18.01
16.98
5.48
Linoleic Acid (C18:2)
0.64
18.65
0.82
Linolenic Acid (C18:3)
0.00
0.00
0.51
Gamma-Linolenic Acid (C18:3)
0.00
10.93
0.00
Arachidic Acid (C20:0)
1.35
3.72
6.92
Erucic Acid (C22:1)
14.21
30.40
53.62
Docosadienoic Acid (C22:2)
0.50
1.86
1.43
Nervonic Acid (C24:1)
0.00
1.55
0.58
Tetracosanoic acid (C24:0)
0.03
0.00
0.00
Docosahexaenoic (C22:6)
0.00
0.16
0.68

Whole Seed
(56.55%)
0.00
31.08
5.27
0.75
11.79
2.78
0.43
4.62
3.01
36.95
1.01
2.22
0.03
0.06

An ultimate analysis of the samples prior to lipid extraction was also performed for each
of the sample layers. Ultimate analysis was performed to determine the percentages of carbon,
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hydrogen, nitrogen, phosphorus, sulfur, and (by taking the difference from 100%) oxygen (Table
3.5). This analysis revealed that each of the sample layers is primarily composed of carbon and
oxygen. Nitrogen is almost entirely represented in the kernel layer in the form of proteins and
amino acids. The values seen in the whole seed sample are approximately the average of each of
the component layers, based on the almost equal distribution of each layer in the whole seed
sample. The phosphorus and sulfur components form traces constituents of the CTT seeds.
From this table, the empirical formula for CTT seeds was extrapolated by dividing the percent
composition of each element in the seeds by its atomic weight, and was found to be
C4.82H8.47N0.10O1.99S0.00P0.01. This analysis may shed light on future studies for determining the
fuel quality of CTT seeds.
Table 3.5: Ultimate analysis of CTT seed and component layers. 95% confidence intervals
shown for CHNO.
Sample
Whole Seed
Wax
Shell
Kernel

C (%)
57.9±2.66
68.9±0.51
43.0±1.28
64.2±2.39

H (%)
8.5±0.38
10.9±0.09
6.3±0.55
9.1±0.05

N (%)
1.4±0.18
0.2±0.02
0.3±0.09
4.4±0.26

O (%)
31.8±2.84
19.8±0.58
50.4±1.08
21.4±2.53

P* (%) S* (%)
0.32
0.01
0.19
0.01
0.01
0.00
0.89
0.02

*Note: Single point measurements.
3.3.3. Differential Scanning Calorimetry:
The use of differential scanning calorimeters (DSC) is the most popular thermal analysis
technique currently available and is designed to measure endothermic and exothermic
temperature transitions (Gabbott, 2008; Zhang et al., 2009). Temperature scans were performed
over the temperature range of 0 to 200°C and at an intermediate heating/cooling rate of
10°C/min.

This heating rate was chosen in order to optimize sensitivity, resolution, and

reproducibility, without compromising experimental time (Zhang et al., 2009). Plotted graphs of
the DSC curve show exothermic peaks as pointing upward and endothermic peaks as pointing
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downward.

As the CTT samples are sensitive to thermal history, the thermal history was

“removed” by bringing the samples to the same origin by heating-cooling-reheating so that the
results depicted are of the second heating cycle (Zhang et al., 2009). In DSC analysis, melting
and crystallization are first-order transitions that are detected by the DSC as an endothermic peak
and exothermic peak, respectively, while the glass transition is a second-order transition and is
not shown as a peak in DSC (Zhang et al., 2009).
DSC testing was performed for the whole seed sample as well as for each of its
component layers (Figure 3.9). The curve for the whole seed exhibits melting and crystallization
characteristics as seen in the seed component layers. The wholeseed curve is most closely
portrayed by the CTT shell sample layer as it forms the highest percentage of the whole seed
sample (Figure 3.9, Table 3.2). The wax DSC curve shows characteristics similar to those found
in DSC curves of hardened oils and fats that start to melt at higher temperatures (i.e. solid at
room temperature) than oils that are liquid at room temperature such as linseed oil, and are
completely melted by 50°C (see peak (c) Figure 3.9). In oils and fats, the melting characteristics
are caused by the mixture of fatty acids present in the mixture as well as proportions of water
(Kaisersberger, 1989). As the lipid composition is known (Table 3.4), it is possible to determine
the specific moieties responsible for melting and crystallization characteristics depicted in the
DSC thermogram.
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Figure 3.9: DSC melting and crystallization curve for CTT seed wax, shell, kernel, and whole
seed samples.
For wax, the DSC thermogram exhibited 3 peaks during the heating phase and 2 peaks
during the cooling phase (Figure 3.9). Peaks “a” (13.95°C), “b” (24.52°C), and “c” (51.50°C)
are representative of melting, which is an endothermic transition as heat is required to break the
crystalline structure of the material found in the solid state. Peaks “d” (9.27°C) and “e”
(25.31°C) are typical of peaks for crystallization during the cooling cycle and have slightly lower
temperatures than their corresponding melting curves due to the supercooling that must occur for
re-crystallinization. Maximum rate of crystallinization and melting are at the tips of the peaks
(temperatures listed above in parentheses).

The enthalpy of the melting reaction may be

determined by calculating the area above the melting peaks, for crystallinization, the area under
the peaks is calculated. Heat of combustion for the peaks “a”, “b”, and, “c” were 68.70 J/g
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combined, while peaks d and e were 66.92 J/g combined, indicating that the energy required for
melting is roughly equivalent to the energy required for crystalllinization. These 3 different
melting transitions are likely present due to the occurrence of different component materials with
the wax material, such its fatty acid composition, which is a good indicator of the crystallization
of lipid materials (Couvreur et al., 2006). Unsaturated fatty acids, such as linoleic acid (C18:2),
oleic acid (C18:1), and erucic acid (C22:1) will have lower melting temperatures that the
saturated fatty acids present such as palmitic (C16:0) or arachidic acid (C20:0) all of which are
present in CTT seed (Table 3.4). Oleic acid, which has a melting temperature of 13-14°C may be
directly correlated to peak (a). Peak (b) (present in both shell and wax layers) is likely the result
of erucic acid, which is present in large quantities in both the shell and wax layers. Peak (c) is
likely the combined result of several saturated fatty acids, such as palmitic and arachidic, and
over unsaturated fatty acids, such as nervonic acid, which have a range of melting temperatures
that causes the slight double peak present at (c). These particular fatty acids are also inmiscible
with water, which affects their melting characteristics. As they are hydrophobic, they are not
likely to form close bonds with the hydrophillic cellulose and as such, their melting temperatures
are likely to be lower than if they were more closely associated with the cellulose in the sample
structure. The proportions in which these fatty acids are present will directly affect the DSC
curve and are likely to influence the other peaks present. The thermal behavior of CTT wax
during decomposition is characterized by a change of energy release from the first to the third
endotherm (peaks a, b, c). This shift towards more thermally resistant elements during
decomposition has been reported previously for agricultural materials, such as grasses used for
biofuels and rice husks (Ranalli et al., 2001; Leifeld, 2008). DSC analysis of cellulose and
hemicellulose do not yield results similar to the DSC analysis in this study as these components
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have much higher reaction temperatures (Yang et al., 2007). Plot of the DSC thermogram for
wax after the lipids were extracted from the meal confirms that the peaks of the wax in figure 3.9
are a direct result of lipids and fatty acids present and not of cellulose and hemicellulose (Figure
3.10). Other materials discussed in literature, such as grain sorghum wax, do not necessarilly
exhibit the same behavior.

DSC analysis in that case demonstrated much higher thermal

transition peaks than do the component layers of the CTT seeds, which may be attributed to
differing compositions (Hwang et al., 2004).

0.4

Heat Flow (W/g)

0.2

0.0

-0.2

-0.4
-50
Exo Up

0

50

100

Temperature (°C)

150

200
Universal V4.3A TA Instruments

Figure 3.10: Plot of DSC thermogram for CTT wax following lipid extraction.
In DSC analysis, glass transitions show up as a step transition rather than as a peak as can
be seen in Figure 3.11. The wholeseed sample did not exhibit an apparent glass transition in the
same range as the other materials. It is likely that this transition was cancelled out by slight
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differences in the transition temperatures of the individual components. In thermal analysis, the
glass transition temperature (Tg) is significant in that it is the critical temperature that separates
the glassy and rubbery behaviors of the materials (Zhang et al., 2009). If a sample is heated to
Tg and then cooled, it will become brittle, if heated, it will become soft. This transition is
reversible and can be an important characteristic in heat processing. In Figure 3.11, wax has a Tg
of 166.2°C, the shell 165.4°C, and the kernel 167.0°C. As cellulose, hemicelluloses, and lignin
are known to have glass transitions in this temperature range (depending on sample preparation
and technique used) (Salmen ,1982), it is likely that this glass transition is a combined effect of
these components.

These thermal transition values may play an important role in future

processing techniques utilized in conjunction with CTT seeds.
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Figure 3.11: Typical DSC thermogram for CTT seed components showing region of glass
transition.
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3.3.4. Thermal Properties Analysis:
Since, the results from TGA and DSC analysis were highly dependent on physical and
chemical properties of materials, further analysis were performed. Basic thermal analysis (i.e.
specific heat, thermal conductivity, thermal diffusivity, and thermal resistivity) provides thermal
properties information by which other material characteristics, such as heating characteristics and
decomposition, may be predicted. For the determination of the thermal properties a KD2 Pro
thermal analyzer was utilized due to ease of use and its ability to rapidly determine all values of
interest. For direct comparison to other biological and agricultural materials, a variety of other
materials were selected and analyzed (Table 3.6). Results of statistical analysis may be found in
the appendices.
Table 3.6: Average thermal values from thermal analysis with 95% confidence intervals.
Samples with the same letter superscripted are not statistically different.
Material

Density
kg/m3

Sorghum Bagasse
Sawdust
CTT Shell (granular)
CTT Kernel (granular)
Soy Flour
CTT Wax (granular)
Peanut Butter
CTT Whole (granular)
Candle Wax (solid)

263.1
215.4
716.6
922.7
638.5
394.1
1000.2
728.9
775.4

Specific Heat

Thermal
Conductivity

Thermal
Diffusivity

J/(kgK)
2321.2±43.12a
3224.4±30.14
2018.7±5.18b
1237.0±3.15
2340.9±25.01a
3843.5±171.16c
2001.7±12.48b
2833.9±104.11
3731.7±109.67c

W/(m·K)
0.13±0.003d
0.06±0.000
0.20±0.002
0.13±0.000e
0.11±0.000
0.14±0.007def
0.24±0.000
0.13±0.000df
0.26±0.008d

mm²/s
0.37±0.010
0.18±0.004
0.14±0.001
0.12±0.001
0.10±0.000
0.09±0.001g
0.10±0.001
0.13±0.001
0.09±0.000g

Thermal
Resistivity
°C·cm/W
780.6±16.67
1690.6±5.10
500.8±5.02
748.0±3.06
951.9±3.57
732.1±33.77
417.9±1.12
773.2±5.57
385.5±10.67

Soy flour was also measured to ensure accurate data and for calibration purposes. The
specific heat of soy flour as measured by the thermal analyzer was found to be in the range
indicated in literature (Wallapapan and Sweat, 1982). During the analysis of specific heat,
significant differences were found among the different sample materials (F8,18=361.27,
P=2.88x10-18). ANOVA and t-test statistics results for specific heat are depicted in Appendix A.
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Although significant differences were found between most of the sample materials for specific
heat values, there was no significant difference between the sorghum bagasse and the soy flour,
the CTT shell and peanut butter, as well as the CTT wax and candle wax (Appendix A). As the
specific heat of materials is highly dependent on moisture content as well as total composition,
these materials likely have similar total mass fractions of constituents (Sahin and Sumnu, 2006).
The CTT wax had the highest specific heat value, while the CTT kernel had the lowest. This
difference can significantly affect the heating characteristics of the CTT seed during processing.
As water content plays a large role in determining specific heat, variations in water content
among the different samples may have resulted in larger statistical differences than might be
present if the water content percentage was similar across the range of samples. Regardless,
these values are within the range of normal for flours, grains, and oils/fats (Sweat, 1995).
Among the CTT seed samples only, there was also a significant difference in specific
heat (F3,8=372.62, P=6.26x10-9) among the three component layers (Table 3.7).

Using the

percent composition of each component layer, a theoretical value for the whole seed was
calculated based on the additive rule and found to be 2360.82 J/kgK. This value was then
compared to the measured specific heat of the whole seed (Table 3.6), and found to be
significantly different (Appendix A). While the moisture content was approximately the same
for each sample set of CTT seeds, the portioning of each component layer is highly variable
among individual seeds and may result in the statistically different results as found here. This
effect may also be due to grinding of the seeds and layers, which changes their distribution with
air resulting in very different morphological characteristics from their original format.

In

literature, it has been found that moisture content does play a significant role in the specific heat
values in a variety of materials (Mohsenin, 1989; Sopade and LeGrys, 1991), as does density and
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porosity, which may play an important role here in the difference between the theoretical and
measured whole seed specific heat.
The thermal conductivity values as measured fall below those of materials with higher
moisture contents, but in the same range as other agricultural materials, such as wheat, barley,
oats, and soybeans among others, that have more similar moisture contents (Jasansky and
Bilanski, 1973; Kusterman et al., 1981; Buhri and Singh, 1993; Jirickova et al., 2006). Millet
grains, were also found to be in the range of 0.119-0.223 Wm-1 K-1, similar to those values found
here (Subramanian and Viswanathan, 2003). For the statistical analysis of thermal conductivity,
there was a significant difference among the sample materials (F8,18=895.24, P=8.55x10-22).
Among the CTT seed samples only, there was also a significant difference (F3,8=256.60,
P=2.74x10-8). For results of ANOVA and t-test statistics for thermal conductivity please see
Appendix B. The thermal conductivities of the sawdust, CTT shell, peanut butter, and soy flour
were significantly different from all other materials (Table 3.6).

However, the thermal

conductivity of sorghum bagasse was not significantly different from the CTT kernel, CTT wax,
whole CTT seed, or candle wax. Similarly, the thermal conductivity of the CTT kernel was not
significantly different from the CTT wax, and the CTT wax was not significantly different from
the whole CTT seed sample (Appendix B). Thermal conductivity values for common fruits and
vegetables are typically much higher than the thermal conductivity values present in this study
(Buhri and Singh, 1993). This is most likely due to the much higher percentage of moisture
content present in fruit and vegetable materials, which increases the thermal conductivity values.
Statistical analysis of the thermal diffusivity of the samples indicated that there were
significant differences among the samples (F8,18=1739.34, P=2.20x10-24). Among the CTT seed
samples only, there was also a significant difference (F3,8=1400, P=3.21x10-11).
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Sorghum

bagasse was found to have the highest thermal diffusivity and thus has the highest ability to
respond quickly to changes in the thermal environment. For results of ANOVA and t-test for
thermal diffusivity, please see Appendix C. Only the CTT wax and the candle wax demonstrated
no significant differences for thermal diffusivity at this temperature (Table 3.6). They also had
the lowest diffusivity of the measured values and are likely to respond slowly to meet changes in
equilibrium temperatures. These materials will also melt at a higher temperature, at which point
their thermal diffusivity will change drastically. All other sample materials have significantly
different thermal diffusivities (Appendix C).

When compared to literature values for corn

(0.086mm2/s – 0.1011mm2/s) and potato (0.171mm2/s), measured values of thermal diffusivity
for sample materials appear to be within the expected range (Kusterman et al., 1981; Chen,
1990).
Thermal resistivity analysis yielded significant differences among the different samples
(F8,18=2528.00, P=7.63x10-26). For analysis of CTT samples only, there were also significant
differences in thermal resistivity (F3,8=158.68, P=1.82x10-7). For results of ANOVA and t-test
for thermal resistivity, please see Appendix D. Neither the whole seed sample, the CTT wax, nor
the sorghum bagasse are significantly different from one another (Table 3.6). The thermal
resistivity of the CTT kernel is also not significantly different from the CTT wax. All other
sample values were significantly different (Appendix D).
The high degree of significant differences among the different materials is likely the
result of highly variable moisture contents across sample types, as well as the different chemical
composition and morphological characteristics including density.

The low variances also

indicate a high degree of precision and a low rate of error within measurements of sample
materials. Values obtained here may be applied to temperature data from microwave processing
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to determine a theoretical internal seed temperature. For processing purposes, these values are
important as even if the thermal conductivity values are similar, the heating process is affected
by the specific heat, which are quite different between each of the component CTT seed layers.
3.4. Conclusion:
TGA and DSC analysis provide valuable data for determination of heating and melting
characteristics of agricultural materials during decomposition and pyrolysis. TGA data indicates
the presence of cellulose, hemicelluloses, lignin, and starches as well as lipids with the main
volatilization occurring between 250 and 400°C. DSC analysis confirms the presence of lipids
found in fatty acid analysis. For thermal analysis, the high degree of significant differences
among the different materials is likely the result of highly variable moisture contents and
densities across sample types. The low variances also indicate a high degree of precision and a
low rate of error within measurements of sample materials. Values obtained here by thermal
analysis may be applied to microwave or other heat based processing methods to predict heating
characteristics as well as determine a theoretical internal seed temperature.
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CHAPTER 4
DIELECTRIC PROPERTIES OF CHINESE TALLOW TREE SEEDS AND SWEET
SORGHUM
4.1. Dielectric Properties of Chinese Tallow Tree Seeds:
4.1.1. Introduction:
Many agricultural materials can be used for production of biofuels, including otherwise
nuisance species such as Chinese tallow tree seeds. The Chinese tallow tree (CTT) or Sapium
sebiferum was introduced to the United States initially due not only to its physical appearance,
pest resistance, and colorful fall leaves, but also could be potentially used as a source of natural
oils (Jubinsky and Anderson, 1996; Urbatsch, 2000). It is native to Eastern Asia, where it has a
long history of large scale commercial production due to the seeds it produces, which can be
used in the production of soap, candles, and cosmetics (Jubinsky and Anderson, 1996; Urbatsch,
2000). These seeds are unlike many other seed crops as they contain, in addition to a kernel rich
with a highly unsaturated fat, its shell is coated with a highly saturated oil (Bolley and
McCormack, 1950). Due to its ability to grow in a variety of habitats, this plant is quickly
becoming a naturalized invasive species in the Southern United States (Jubinsky and Anderson,
1996; Urbatsch, 2000). This ability to grow rapidly in a wide variety of environments, as well as
difficulties in its eradication, led to suggestion for commercial utilization of the seeds and woody
biomass (Bolley and McCormack, 1950; Jubinsky and Anderson, 1996). CTT trees are capable
of producing large quantities of renewable hydrocarbons, potentially on the order of 500 gallons
of fats and oils per acre per year, which exceeds production of most traditonal oil seed crops
(Scheld, 1984; Urbatsch, 2000; Shupe, 2006). Within CTT seeds, the lipid content (which can be
composed of up to 40% lipids) is distributed between the external vegetable tallow coating and
the seed’s kernel, both of which are suitable for conversion into biodiesel (Shupe, 2006).
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Importantly, CTT seeds are also not a food product and due to its adaptability it could be grown
on land not suitable for traditional food crops (Duke, 1997).
One method of efficiently converting the lipids in oil seeds is a process known as in-situ
transesterification. However, this process yields very good results only at very low moisture
contents (Haas and Scott, 2007). Recent developments in microwave drying of agricultural
feedstocks offers the advantages of shorter drying times, improved energy transfer into the
matrix, increased productivity, and important energy savings, especially at low moisture contents
(<10%) (Boldor et al., 2005). The moisture content of the seeds significantly affects their
dielectric properties, which in turn plays an important role in the heating behavior of the material
in microwave drying applications. The purpose of this study was to determine the dielectric
properties of whole Chinese tallow tree seeds at moisture levels ranging from 0% (desirable for
in-situ transesterification) to 7% (normal value encountered post-harvesting) wet basis moisture
content in the frequency range of 0.75 GHz to 3.30 GHz.
Dielectrics are a class of substances capable of supporting electric fields and are
generally considered to be good insulators rather than conductors of electric current (Nelson,
1965). Dielectric properties (ε’, ε”) of materials characterize their interaction (transmittance,
absorbance, and reflection) with electric fields and therefore with electromagnetic waves,
including those in the microwave region (Boldor et al., 2004). These properties are important for
predicting the behavior of a material in an electric field such as that present during microwave
processing, especially as it relates to microwave-penetration depth (Nelson, 1973a; Meredith,
1998). The penetration depth is the distance in the material where the microwave power has
dropped to 1/e or 36.8% of its transmitted value (Meredith, 1998; Venkatesh and Raghavan,
2005). Due to increased interest in the application of microwave technology to alternative fuels
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research, there is a growing need for information on the dielectric properties of a range of
biomass based materials that can be subjected to microwave heating (Terigar, 2009; Paz, 2010;
Terigar et al., 2010).
The dielectric properties of materials vary widely with composition, density, temperature,
and frequency of the applied field (Meredith, 1998). The fundamental property through which
the dielectric properties of a material may be defined is the complex relative permittivity, ε*:
    "



(4.1)

where the real part ε’ is the dielectric constant, the imaginary part ε” is the dielectric loss factor
(Meredith, 1998; Venkatesh and Raghavan, 2005). For pure-polar materials, the permittivity can
be expressed using Debye’s equation (von Hippel, 1954):
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The dielectric constant is associated with the capacity of a material to store electrical energy,
while the dielectric loss factor is given to be the material ability to dissipate electrical energy as
heat (Nelson, 1973a; Terigar et al., 2010). In large samples, the penetration depth (dp) may also
play a role in the efficiency of processing as it is a function of ε’ and ε” according to (Meredith,
1998):
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where λ0 is the free space microwave wavelength. Since most common food products have
ε”<25, dp is implied to be at least of 6-10mm at 2450 MHz (Venkatesh and Raghavan, 2004;
Venkatesh and Raghavan, 2005). Of particular interest for this research is past studies of
granular and solid seeds and other agricultural materials. For biological materials, such as CTT
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seeds, Debye’s equation used for pure polar materials cannot be directly applied as they have
multiple layers and form a heterogeneous mix with the air that surrounds them.
Currently, no previous research into the dielectric properties of CTT seeds has been
performed. Similar materials that may be considered for the purpose of comparison of data to
materials with similar constituents may be soy beans, cellulose, tallow, other heterogeneous
mixtures as well as other oil seeds. Historically, much research has been conducted on the
dielectric properties of soy beans as well as other legumes and flours (Nelson, 1965; Nelson,
1973a; Nelson, 1973b; Nelson, 1984; Kraszewski et al., 1998; Guo et al., 2008; Guo et al.,
2010). Many have also studied the dielectric properties of other oil seed type materials including
peanuts (Boldor et al., 2004; Trabelsi et al., 2010). Accordingly, each study has indicated a
dependency of the dielectric properties of grains, as well as other materials, on temperature,
moisture content, and frequency.

Consequently, it is of interest to examine the dielectric

properties of unground CTT seeds across a range of moisture contents and frequencies and to
examine their effect on potential penetration depths and heating behavior in microwave
applications especially at the FCC allotted frequencies of 915 and 2450 MHz.
4.1.1.1. Free-Space Dielectrics:
A multitude of methods exist for calculating the dielectric properties of solid materials
including the free-space transmission techniques which are a non-destructive and contactless
measurement method. The free-space transmission technique has the advantage over other
methods in that no special sample preparation is required, which corresponds to how drying
would be performed, allowing relatively simple testing of inhomogenous dielectrics (Venkatesh
and Raghavan, 2005). In a free-space transmission technique, the sample is placed between a
transmitting and a receiving antenna, and the attenuation and phase shift (S-parameters) of the
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signal are measured and translated into the dielectric properties of the material (Venkatesh and
Raghavan, 2005). This method of determining dielectric properties has been well documented by
USDA-ARS researchers across a wide range of materials (Trabelsi et al., 2000; Trabelsi and
Nelson, 2003; Trabelsi and Nelson, 2004; Trabelsi and Nelson, 2010; Trabelsi et al., 2010).
Briefly, the relative complex permittivity influences the velocity of the electromagnetic waves in
a dielectric material, the dielectric constant of the material influences the phase of the wave
transmitted through the material, and the dielectric loss determines its attenuation (Nelson,
1973a).

The S-parameters are measured by placing the device undergoing testing in a

transmission line whose ends are connected to a network analyzer (Figure 4.1.1) (Orfanidis,
2008).

Figure 4.1.1: Device under test connected to network analyzer where a1 is the incidient wave at
port 1 and b1 the corresponding reflected wave while a2 is the incident wave from the right onto
port 2 and b2 is the reflected wave from port 2 (Orfanidis, 2008).
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4.1.2. Materials and Methods:
4.1.2.1. Sample Preparation of CTT:
The Chinese tallow tree samples were harvested by hand from trees in and around Baton
Rouge in October and November 2010. Seeds were separated from most twigs and other debris
by hand and placed in 2 gallon plastic storage bags. To account for differences in the moisture
content of the seeds due to varying harvest times, the seeds were thoroughly mixed together prior
to being stored at -20°C. Prior to dielectric testing, the seeds were allowed to return to room
temperature without any further processing of the seeds.
4.1.2.2. Dielectric Properties Measurement:
Dielectric properties of CTT seeds were measured with a free-space transmission
technique adapted from (Trabelsi and Nelson, 2003); the modifications included the removal of
horn antennas and using only selected frequency ranges. The CTT seeds were placed within a
rectangular waveguide and held in place by Styrofoam blocks (Figure 4.1.2). The waveguide
was

placed

between

two

waveguide

coaxial

transitions

containing

the

antenna

transmitter/receiver that were connected through coaxial cables to a 2 channel Agilent E5071C
ENA Network Analyzer (Agilent Technologies, Santa Clara, CA).
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Figure 4.1.2: Waveguide measurement arrangement.
All tests were performed in triplicate using two different rectangular waveguides. The
first was a WR 975 rectangular waveguide with a lower and upper frequency cutoffs of 0.75 and
1.12 GHz, respectively, and the second was a WR 340 rectangular waveguide with a lower and
upper frequency cutoffs 2.20 and 3.30 GHz, respectively. Initial testing was performed at room
temperature, and then seeds were placed in an oven at 103°C for set time periods to achieve
different moisture contents. At each time, the samples were removed from the oven and allowed
to return to room temperature prior to testing. Sample surface temperatures were monitored using
Oakton’s InfraPro® thermal infrared sensor (35639-30, Oakton Instruments®, Vernon Hills, IL).
Prior to placement in the waveguide, sample mass was measured in order to determine moisture
content at that point using methods described in ASAE Standard S352.2 (ASAE, 1999) and
ASAE Standard D245.6 (ASABE, 2007). The dielectric properties were determined from the
measurement of the modulus and phase of the scattering transmission coefficient S21 as follows
(Trabelsi et al., 2000; Trabelsi and Nelson, 2004; Trabelsi and Nelson, 2010):
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Where φ is the phase of S21 and is taken to be positive, c is the speed of light in m/s, f is the
frequency in Hz, d is the thickness of the layer of material in meters, and n is an integer to be
determined.

The dielectric properties, as defined by equations (4.1.4) and (4.1.5), are the

average values for the air-material mixture assuming the electromagnetic waves in these
frequency ranges behave as a plane wave propagating through a low loss material. As the
modulus of the scattering transmission coefficient S21 is given directly in decibels by the network
analyzer, equation (4.1.5) becomes (Trabelsi et al., 2000):
"
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Where λ0 is the wavelength in free space and ∆A is the attenuation in decibels:
∆+-N,

  C ,

(4.1.7)

In this case, ∆A is the difference between the magnitudes with the sample (A) and without sample
(A0) placed between the transmitting and receiving antennas (Trabelsi and Nelson, 2004).
Moisture content was determined following the procedure indicated in ASAE Standard
rule number S352.2 for moisture measurement in unground grain and seeds with the following
formulas (ASAE, 1999; ASABE, 2007):
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(4.1.8)
(4.1.9)

Where MCdb is the dry basis moisture content of the material, MCwb is the wet basis moisture
content of the material, Ww is the wet weight of the sample, Wd is the weight of the sample after
complete drying. Using the value for the dry basis moisture content along with the time spent
drying, the drying rate is calculated using the following formula:
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Where, the units for the drying rate are grams of moisture removed per minute (g/min), n
corresponds to the first MC of interest, while n+1 refers to the next MC of interest, t refers to the
times corresponding to the moisture content values in minutes.
Numerical analysis was performed on data across all frequencies with an emphasis placed
on F.C.C. allotted frequencies of 915 and 2450 MHz due to availability of waveguides with
appropriate cut-off frequencies and particular interest at these frequencies as mentioned above.
Each test was performed in triplicate across a range of moisture contents and frequencies.
Dielectric values were calculated for each test individually using equations 4.1.4 and 4.1.6
followed by averaging for a given moisture content and frequency value. Similarly, the moisture
content values and drying rates were calculating individually before averaging. Analysis and
plotting were performed using Microsoft Excel and Sigmaplot using two-sample t-tests.
Frequency data was decimated by plotting only every 10th data point in order to minimize the
large number of data points for graph clarity. Standard error was calculated based on a 95%
confidence interval.
4.1.3. Results and Discussion:
4.1.3.1. Dielectric Properties:
The dielectric properties of agricultural materials give engineers general guidance for
selecting the optimal frequency range and bed thickness for uniform microwave treatments
(Wang et al., 2003; Guo et al., 2010). This is largely because the dielectric response of the
material provides information on the orientation and adjustment of the materials dipoles and the
translational adjustment of mobile charges present in the dielectric material as it responds to an
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applied electric field (Jonscher, 1978). Also of importance in considering the values of the
dielectric properties is evaluation of their dependence on frequency, as most other physical
properties do not contain any time or frequency relationship (Jonscher, 1978). Frequency ranges
of 750-1120 MHz (corresponding to 915 MHz operating frequency) and 2200-3300 MHz
(corresponding to 2450 MHz operating frequency) were selected based on the cut-off frequency
values of the WR 975 and WR 340 waveguides utilized. These frequency ranges also allowed us
to test the two frequencies allocated by the FCC for industrial, scientific, and medicinal use. The
dielectric material properties were calculated using equations (4.1.4) and (4.1.6).

The

dependence of the dielectric constant for CTT seeds on frequency and moisture content is
depicted in Figures 4.1.3 and 4.1.4.
2.8

7.0% MCdb
5.1% MCdb
3.7% MCdb

2.6

1.6% MCdb
0.3% MCdb
0.0% MCdb

2.4

2.2

2.0

1.8
7.0e+8

8.0e+8

9.0e+8

1.0e+9

1.1e+9

1.2e+9

Frequency (Hz)

Figure 4.1.3: The dielectric constant as a function of the 915 MHz frequency range for moisture
contents ranging from 7.0 to 0.0% moisture content.
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Figure 4.1.4: The dielectric constant as a function of the 2450 MHz frequency range for moisture
contents ranging from 7.6 to 0.0% moisture content.
Within the 915 MHz frequency range, it was found, as expected, that as the frequency
increased, the value for the dielectric constant decreased. The dependence of the dielectric
constant of CTT seeds on frequency, as well as overall values, are similar to those obtained for
other agricultural commodities including those used in other biofuel studies (Nelson, 1973b;
Nelson and Stetson, 1976; Nelson, 1978; Nelson and Trabelsi, 2006; Guo et al., 2010; Paz,
2010).

Literature indicates that at 1 GHz paraffin wax has a dielectric constant of 2.2, which

correlates well to the values obtained here for CTT seeds (Kaye et al., 1995). A high correlation
also exists between the dielectric constant and the moisture content of the seeds.

This

dependence of the dielectric constant on moisture content is similar to that of other agricultural
materials (Nelson and Stetson, 1976; Nelson, 1978; Guo et al., 2008; Guo et al., 2010).
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Similar trends may also be noted in the 2450 MHz range (Figure 4.1.4). Initial values at
the 3.7% moisture content are lower in the 2450 MHz range than in the 915 MHz frequency
range. Direct correlation of each of the moisture contents across both frequency ranges is
impossible due to the differing moisture contents available for analysis. Overall, the standard
error values are very low indicating significant differences in the dielectric constants between the
highest and lowest moisture contents for the 915 MHz frequency range (t2=8.35, P=0.007, Figure
4.1.3) and for the 2450 MHz frequency range (t4=9.73, P=0.0003, Figure 4.1.4).

Also of

importance is that the overall difference between the values across moisture contents is very
small, on the order of 0.2 to 0.6. Although measurement errors may be reduced by using ground
samples, whole seed samples were utilized in order to correlate the dielectric data of the seeds to
the method of processing utilized in microwave drying (Nelson, 1984; Guo et al., 2008).
Figure 4.1.5 depicts the dependence of the dielectric constant on moisture content at 915
MHz and 2450 MHz. This dependence is similar to those depicted in research at particular
frequency values (Nelson, 1973; Nelson and Stetson, 1976). As the moisture content increases,
the dielectric constant increases for both frequencies. In general, the linear equations give good
estimates of the dielectric constant as a function of moisture content (r2>0.8) as depicted in
Figure 4.1.5. Also of note is that for moisture content values below 2%, the dielectric constant is
mostly constant. This is of importance as below the critical moisture content, the water in the
sample cannot be polarized as it is bound (Sahin and Sumnu, 2006). Generally, literature values
for similar materials are often limited to single moisture contents and are often of varying
densities and frequencies, which limits their usefulness in correlating to new research data. For
almond kernels, the value for the dielectric constant has an initial value of less than 2.0 at
moisture contents of 4% wet basis and increases linearly with increasing moisture content at 8
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GHz (Trabelsi and Nelson, 2010), very similarly to the CTT seeds observed here. Tallow at 82
°C and 1 GHz has a dielectric constant of 2.6 (Meredith, 1998) as compared to the 2.686 for
deodorized tallow at 25 °C (Nelson, 1973a). Soy beans at 1 GHz and 8.5% moisture content have
a dielectric constant of 2.60, while oats at 10.7% moisture content have a dielectric constant of
2.12 (Nelson, 1973b) with decreasing values at higher frequencies. All of these values presented
in literature indicate that the values obtained for the dielectric constant of CCT seeds are within
the normal range for similar agricultural materials.
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Figure 4.1.5: The dielectric constant as a function of moisture content at 915 MHz and 2450
MHz.
The dependence of the dielectric loss of CTT seeds is depicted in Figures 4.1.6 and
4.1.7. At microwave frequencies, all losses are attributed to water molecules (Trabelsi and
Nelson, 2005), as ionic conductivity is negligible in solid heterogeneous materials.

Low

moisture significantly inhibits the mobility of charged ions, resulting in low dielectric loss values
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(Guo et al., 2010). In the 915 MHz frequency range, the dielectric loss decreases as frequency
increases. This trend is common in agricultural materials such as in legume flour (Guo et al.,
2010), but this trend may reverse in certain ranges of frequency and moisture content (Nelson
and Stetson, 1976).
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Figure 4.1.6: The dielectric loss of CTT seeds as a function of frequency in the 915 MHz
frequency range.
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Figure 4.1.7: The dielectric loss of CTT seeds as a function of frequency in the 2450 MHz
frequency range.
In the case of CTT seeds, this reversal is observed between 2.8 GHZ and 3.1 GHz (Figure
4.1.7). This small peak may indicate a relaxation frequency of one of the components of CTT
seeds (Komarov et al., 2005). Therefore, it can be concluded that the dielectric loss is less
regular than the dielectric constant upon frequency and moisture content and is supported by
literature (Nelson and Stetson, 1976). This occurrence is typical for a dipolar liquid or other wet
dielectric around 3000 MHz as at this frequency, the loss results from the inability of the dipole
molecules to reorient to rapid changes in the electric field resulting in dipolar relaxation
(Metaxas, 1991). The 2450 MHz frequency range also indicates that as the moisture content of a
material decreases, the dielectric loss decreases. Although the values for the dielectric loss are
very similar from highest moisture content to lowest moisture content in the 915 MHz frequency
range, a significant difference does exist between the two values (t2=19.38, P=0.001, Figure
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4.1.6). Similarly in the 2450 MHz frequency range, there exists a significant difference between
the highest and lowest moisture content for the dielectric loss (t4=19.17, P=2.18x10-5, Figure
4.1.7) (Appendix E). Moisture content plays a large role in the ability of a material to absorb and
dissipate electrical energy in agricultural materials, and it is of particular importance for
microwave drying applications at low moisture contents values, where other drying methods
have drawbacks such as decreased drying rates due to case hardening (Nelson, 1973b; Nelson
and Stetson, 1976; Nelson, 1978; Kraszewski et al., 1998; Sharma and Prasad, 2002).
Figure 4.1.8 depicts the dependence of the dielectric loss on moisture content at 915 MHz
and 2450 MHz. This dependence is similar to those depicted in research at particular frequency
values (Nelson, 1973b; Nelson and Stetson, 1976; Guo et al., 2010). As the moisture content
increases, the dielectric loss increases for both frequencies. In general, the linear equations give
good estimates of the dielectric constant as a function of moisture content (r2=0.96 for 915 MHz;
r2=0.87 for 2450 MHz) as depicted in Figure 4.1.8. However, it is important to note that the
overall values are really small on an absolute scale as water, for example, may vary as much as
40 when viewed over several megacycles (Komarov et al., 2005). In comparing this data to
literature values for other materials, care must be taken to consider differences in testing
equipment and experimental conditions such as temperature, moisture content, densities, and
frequency analyzed. Tallow at 82 °C and 1 GHz has a dielectric loss of 0.13 (Meredith, 1998),
whereas the deodorized tallow at 25 °C has a dielectric loss of 0.127 (Nelson, 1973a). Soy beans
at 1 GHz and 8.5% moisture content have a dielectric loss of 0.19, while oats at 10.7% moisture
content have a dielectric loss of 0.16 (Nelson, 1973b) with decreasing values at higher
frequencies. Legumes at low moisture content also exhibit values very similar to that found for
CTT seeds (Guo et al., 2008; Guo et al., 2010). Each of these values indicates that the values
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obtained for the dielectric loss of CCT seeds are within the normal range for similar agricultural
materials.
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Figure 4.1.8: The dielectric loss factor as a function of moisture content at 915 MHz and 2450
MHz.
Figures 4.1.9 and 4.1.10 depict the frequency dependency of the loss tangent of CTT
seeds across a range of moisture contents. The loss tangent is sometimes used to help quantify
the lossyness or the materials ability to dissipate EM power. It is found by measuring the loss
angle (δ), the angle by which the current passing through the material differs from the ideal 90°
phase angle relative to the voltage (Meredith, 1998):
d
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(4.1.11)

tan d
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)

(4.1.12)

for the loss tangent. As can observed in these figures, the loss tangent for CTT seeds decreases
as the frequency increases. Per literature loss tangent is quite irregular, particularly with respect
to frequency (Nelson and Stetson, 1976). This property is not typically depicted in literature as it
can be directly derived by taking the ratio of dielectric loss to the dielectric constant. In this
frequency range, CTT seeds show a behavior similar to that of wheat grain as reported in
literature (Nelson and Stetson, 1976).
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Figure 4.1.9: The loss tangent of CTT seeds as a function of frequency in the 915 MHz
frequency range.
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Figure 4.1.10: The loss tangent of CTT seeds as a function of frequency in the 2450 MHz
frequency range.
While some irregularity may be noted in the trend of the loss tangent decreasing as the
frequency increases in the 2.2 to 3.3 GHz range, this does not deviate from typical examples in
literature (Nelson and Stetson, 1976; Martín-Esparza et al., 2005). As the loss tangent is a
function of the dielectric constant and the dielectric loss, both of which exhibit significant
differences between the values for the highest and lowest moisture contents, the loss tangent also
displays a significant difference between the values for the loss tangent at both 915 MHz
(t2=19.51, P=0.001, Figure 4.1.9) and 2450 MHz (t4=27.83, P=4.96x10-6, Figure 4.1.10).
Figure 4.1.11 depicts the loss tangent of the CTT seeds as a function of moisture content
at 915 and 2450 MHz. The loss tangent follows a linear relationship with the moisture content
whereby as the moisture content increases the loss tangent increases (915 MHz r2>0.77; 2450
MHz r2>0.88). In literature, the loss tangent of tallow at 25°C is given to be 0.049 (Nelson,
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1973a), while the dielectric loss of soybean at 8.5% moisture content and 1.00 GHz may be
calculated to be 0.073 (Nelson, 1973b) indicating the values calculated for the loss tangent of
CTT seeds are sensible.
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Figure 4.1.11: The loss tangent of CTT seeds as a function of moisture content at 915 and 2450
MHz.
4.1.3.2. Penetration Depth:
Figure 4.1.12 depicts the penetration depth determined using equation (4.1.8) (Meredith,
1998) as a function of moisture content for the two FCC tested frequencies. This parameter is
the distance where the electric field has decreased to 1/e of its initial incident value, and is a very
important parameter characterizing microwave heating (Sharma and Prasad, 2002). As expected,
the penetration depth decreased as moisture content increased, while also decreasing with
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increased frequency (Figure 4.1.12), which is similar to results obtained for other materials
(Sharma and Prasad, 2002; Guo et al., 2010).

Based on these results, in industrial scale

microwave applications, it would be necessary to use thinner material layers at the 2450 MHz
frequency than at the 915 MHz due to the shorter wavelength, which results in less penetration.
Thinner material layers would also allow for more uniform heating as all material will be at the
center of the waveguide where the electric field is relatively uniform (Boldor et al., 2005).
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Figure 4.1.12: The penetration depth of CTT seeds exposed to microwave energy at frequencies
of 915 MHz and 2450 MHz as a function of moisture content.
4.1.4. Conclusions:
Dielectric properties of whole CTT seeds at differing moisture contents (7.6% to 0.0%)
and frequencies (750-1120 MHz and 2200-3300 MHz) were measured using a free-space
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transmission technique, rectangular waveguide sample holder, and network analyzer.

The

dielectric constant and loss of the CTT seeds decreased with increasing frequency, but increased
with increasing moisture content. Similarly, the loss tangent increased with increasing moisture
content, but decreased with increasing frequency. This technique of measuring the dielectric
properties yields values similar to those in literature for other low moisture grains and seeds.
From this data, the penetration depth was determined and was found to decrease with increasing
frequency and moisture content, which is an important factor for determining microwave heating
characteristics.
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4.2. Dielectric Properties of Sweet Sorghum:
4.2.1. Introduction:
Microwave drying of agricultural feedstocks for biofuel production offers the advantages
of shorter drying times through improved energy transfer into the matrix resulting in increased
productivity and greater energy savings. Many agricultural materials can be used for production
of biofuels, which includes the ethanol produced from lignocellulosic biomass or bagasse.
Moisture content significantly affects the dielectric properties of bagasse, which subsequently
play an important role in the heating behavior of the material during microwave drying
applications. The purpose of this study was to determine the dielectric properties of sweet
sorghum bagasse at moisture levels ranging from 0% to 55% wet basis moisture content in the
frequency range of 0.75 GHz to 3.30 GHz.
Dielectric materials are those that have dipolar molecules, and when placed in an
electromagnetic field those molecules will tend to rotate and align themselves with the electric
field (Meredith, 1998).

As the electric field oscillates, they will continue to change their
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alignment resulting in frictional heating of the material. Thus, the dielectric properties (ε’, ε”) of
materials characterize their interaction (transmittance, absorbance, and reflection) with electric
fields, including those in the microwave region (Boldor et al., 2004). These material properties
are important for predicting the behavior of a material during microwave processing especially
as it relates to heating characteristics and microwave-penetration depth (Nelson, 1973a;
Meredith, 1998). Due to increased interest in the application of microwave technology to
alternative fuels research, there is a growing need for information on the dielectric properties of
the novel biomass based materials undergoing microwave heating (Terigar, 2009; Paz, 2010;
Terigar et al., 2010).
4.2.2. Materials and Methods:
4.2.2.1. Sample Preparation of Sweet Sorghum:
Sorghum (Sorghum bicolor (L.) Topper) was harvested from the Hill Farm Research
Station (Homer, LA) at the Lousisana State University Agricultural Center. Leaves, roots and
grains were removed and the stalks were crushed in a roller press (Farrel Company, Ansonia,
CT) three times to extract the juice. The remaining fibers or bagasse were stored in sealed bags at
-20oC until testing. Prior to testing the sorghum was removed from the freezer and allowed to
return to room temperature. No further processing of the sorghum was performed prior to testing
for dielectric properties in order to conform to the level of processing used in subsequent
microwave drying.
4.2.2.2. Dielectric Properties Measurement:
Dielectric properties of sweet sorghum were measured with a modified free-space
transmission technique (Trabelsi and Nelson, 2003). The modifications included placing the
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sorghum samples within a rectangular waveguide and containing them with Styrofoam blocks.
The waveguide was placed between two coaxial waveguide transitions containing transmitter
and receiver antennae. The coaxial ends were connected through shielded coaxial cables to a 2
channel Agilent E5071C ENA Network Analyzer (Agilent Technologies, Santa Clara, CA).
Figure 4.2.1 shows the measurement arrangement.

Figure 4.2.1: Waveguide measurement arrangement.
Dielectric tests were performed in triplicate with 2 separate waveguides corresponding to
the FCC allotted frequencies of 915 MHz (WR 975) and 2450 MHz (WR 340) with cutoff
frequencies of 0.75-1.12 GHz and 2.20-3.30 GHz, respectively. Testing was performed at room
temperature and in triplicate. Set moisture levels were achieved by placing the samples in an
oven at 103°C for set time periods and were allowed to return to room temperature prior to
dielectric testing. Oakton’s InfraPro® thermal infrared sensor (35639-30, Oakton Instruments®,
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Vernon Hills, IL) was used to monitor sample surface temperatures. For each data set, the
moisture content of the samples were measured using procedures described in ASAE Standard
S352.2 (ASAE, 1999) and ASAE Standard D245.6 (ASABE, 2007) for moisture measurement in
unground grain and seeds:
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(4.2.1)
(4.2.2)

where MCdb is the dry basis moisture content, MCwb is the wet basis moisture content, Ww is the
wet weight of the sample, and Wd is the weight of the sample after drying.

The dry basis

moisture content and the drying time were then used to calculate the drying rate (equation 4.2.3):
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where, the units for the drying rate are grams of moisture removed per minute (g/min), n
corresponds to the first moisture content of interest, while n+1 refers to the next moisture content
of interest, t is the time of drying for the sample set of interest.
The dielectric constant was calculated by measuring the modulus and phase of the
scattering transmission coefficient S21 as follows (Trabelsi et al., 2000; Trabelsi and Nelson,
2004; Trabelsi and Nelson, 2010):


>1 
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(4.2.4)

where φ is the phase of S21 and is taken to be positive, c is the speed of light in m/s, f is the
frequency in Hz, d is the thickness of the layer of material in meters, and n is an integer to be
determined. The dielectric constant, as defined by equation (4.2.4), is the average value for the
air-material mixture assuming the electromagnetic waves in these frequency ranges behave as a
plane wave propagating through a low loss material. As network analyzer provides the modulus
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of the scattering transmission coefficient S21 directly in decibels, the dielectric loss factor is as
follows (Trabelsi et al., 2000):
"
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(4.2.5)

where λ0 is the wavelength in free space and ∆A is the attenuation in decibels whereby:
∆+-N,

  C ,

(4.2.6)

which is the difference between the scattering transmission coefficient with the sample (A) and
without sample (A0) placed between the transmitting and receiving antennas (Trabelsi and
Nelson, 2004).
Statistical and numerical analysis were carried out for all frequencies with additional
anaylsis of the FCC allotted frequencies of 915 and 2450 MHz. Calculations for all properties,
moisture contents, dielectric properties, etc., were calculated individually before averaging the
triplicate data sets.

Statistical and graphical was performed using Microsoft Excel and

Sigmaplot, and included ANOVA and two-sample t-test comparisons. Depicted standard error
was calculated based on a 95% confidence interval. To improve graph clarity, only 1 in 10 data
points collected during analysis across the frequency range is shown.
4.2.2.3. Penetration Depth:
The penetration depth was determined following analysis of the dielectric data, from the
average values for dielectric constant and loss for each of the measured moisture contents using
equation (4.2.7):
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where λ0 is the free space microwave wavelength (Meredith, 1998). The penetration depths were
then graphed as a function of moisture content for both 915 MHz and 2450 MHz.
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4.2.3. Results and Discussion:
4.2.3.1. Dielectric Properties:
As the dielectric response of agricultural materials changes with applied frequency
(Jonscher, 1978), the dielectric properties provide general guidance for selecting the optimal
frequency range and bed thickness for uniform microwave treatments (Wang et al., 2003; Guo et
al., 2010). The dielectric response of the material gives information on the orientation and
adjustment of the dipolar molecules and the translational adjustment of mobile charges within
the dielectric material as it reacts to an applied electric field (Jonscher, 1978). Two waveguides,
WR 975 and WR 340 were selected based on their cut-offs frequencies which contain the 915
MHz and 2450 MHz frequencies, respectively, as allocated by the FCC. The dielectric constant
values were calculated using equations (4.2.4) and (4.2.5) across the range of moisture contents
and frequencies tested.
The dependency of the dielectric constant of sweet sorghum bagasse on frequency is
depicted in Figures 4.2.2 and 4.2.3. Within the 915 MHz frequency range, it was found that as
the frequency increased, the value for the dielectric constant decreased slightly. The dependence
of the dielectric constant of sorghum on frequency is similar to that obtained for other sawdust
when examined over narrow frequency ranges, which is fairly constant, especially at lower
moisture contents where only bound water is present (Paz, 2010).

Wheat grain is similarly

constant when viewed at room temperature across the frequency range of interest (Nelson and
Trabelsi, 2006).

When compared to CTT seeds at similar moisture contents (3.7% MCdb)

(Figure 1.1.3), the dielectric constant of the bagasse is lower (Figure 4.2.2) indicating that the
sorghum at the same moisture content does not store microwave energy as readily as the CTT
seeds. However, the bagasse has a much higher correlation between the dielectric constant and
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the moisture content than the CTT seeds. This dependence of the dielectric constant on moisture
content is similar to that of other agricultural materials, whereby as the moisture content
increases, there is a corresponding increase in the value of the dielectric constant (Figure 4.2.2)
(Nelson and Stetson, 1976; Nelson, 1978; Guo et al., 2008; Guo et al., 2010).
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Figure 4.2.2: The dielectric constant of sweet sorghum as a function of frequency in the 915
MHz frequency range.
Similar trends may also be noted in the 2450 MHz range (Figure 4.2.3).

Direct

correlation of each of the moisture contents across both frequency ranges is impossible due to the
differing moisture contents from the two different experimental setups. Across the frequencies,
the 79.2 % MCdb plot in the 915 MHz frequency range (Figure 4.2.2) has the closest moisture
content to 77.2% MCdb plot in the 2450 MHz frequency range (Figure 4.2.3). If the initial values
at these moisture contents are compared, the dielectric values for the 77.2% MCdb in the 2450
MHz frequency range are higher than the corresponding values at 79.2% MCdb in the 915 MHz
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frequency range despite having a lower moisture content value.

This may be due to different

packing density of the materials for the two separate tests. If the sample at 2450 MHz was
packed more tightly so that the overall mass per volume was higher, the dielectric constant
would be higher as more water would be available. Overall, the standard error values are
extremely low indicating significant differences in the dielectric constants between the highest
and lowest moisture contents for the 915 MHz frequency range (t4=17.25, P=3.31x10-5, Figure
4.2.2) and for the 2450 MHz frequency range (t4=25.37, P=7.16x10-6, Figure 4.2.3).
Measurement errors are fairly minimal in the sorghum samples, compared to CTT seeds, as the
sorghum bagasse sample utilized resulted in a fairly uniform layer of material that minimizes
errors due to air pockets or other non-uniformities that may result in measurement error (Nelson,
1984; Guo et al., 2008).
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Figure 4.2.3: The dielectric constant of sweet sorghum as a function of frequency in the 2450
MHz frequency range.
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Figure 4.2.4 depicts the dependence of the dielectric constant on moisture content at 915
MHz and 2450 MHz. This dependence is similar to those depicted in research at particular
frequency values (Nelson, 1973b; Nelson and Stetson, 1976). As the moisture content increases,
the dielectric constant increases for both frequencies. The linear equations give extremely good
estimates of the dielectric constant as a function of moisture content (r2>0.98) as depicted in
Figure 4.2.4. Existent literature values for similar materials are often limited to single moisture
contents and are often of varying densities and frequencies, which limits their usefulness in
correlating to new research data. Wheat grain with the dielectric constant divided by bulk
density follows a trend very similar to that of Figure 4.2.4 for the dielectric constant as a function
of moisture content (Trabelsi and Nelson, 2004). Similar graphs of the dielectric constant of
wheat as a function of moisture content and frequency may also be found in a variety of articles
published in literature (Nelson, 1965; Nelson and Stetson, 1976; Nelson and Trabelsi, 2006).
Under conditions similar to those tested here, the value of the dielectric constant of ground wheat
grain as a function of moisture content or frequency is similar to that of the sorghum bagasse. In
a previous study, dry Buffalograss was found to have a dielectric constant of 1.6 at the tested
frequency, while green needlegrass, Indian ricegrass, yellow-dent corn, and tobacco were found
to have dielectric constants of 2.6, 1.9, 3.1, 1.9 respectively (Nelson, 1965). Sawdust properties
also follow similar trends to the sorghum bagasse as a function of frequency (Paz, 2010). Grain
sorghum grown in Nebraska at moisture content of 11.4% at 1.00GHz was found to have a
dielectric constant of 2.81 with decreasing values at increasing frequencies (Nelson, 1973b),
which correlates well to values found in this study for sorghum bagasse. Each of these values
indicates that the values obtained for the dielectric constant of sorghum bagasse are within the

87

range of normal for similar agricultural materials. Similar studies exist testing other agricultural
materials, such as bamboo leaves, tree leaves and branches, and wheat straw (Nelson, 1973a).
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Figure 4.2.4: The dielectric constant as a function of moisture content at 915 MHz and 2450
MHz.
The dielectric loss factor of sorghum bagasse and its dependence on frequency is plotted
in Figures 4.2.5 and 4.2.6. At microwave frequencies, all losses are assumed to be due to water
molecules (Trabelsi and Nelson, 2005). This is due to the fact that in low moisture materials at
microwave frequencies the ionic conductivity is negligible, which results in low mobility of
charged ions and low dielectric loss (Guo et al., 2010).

The dielectric loss decreases as

frequency increases for this frequency range (Figure 4.2.5). Although this trend may vary in
different studies according to frequency and moisture content, the decrease in dielectric loss with
increases in frequency is typical in agricultural materials such as in legume flour as well as grain
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sorghum (Nelson, 1973b; Guo et al., 2010), but this trend may reverse in certain ranges of
frequency and moisture content (Nelson and Stetson, 1976; Paz, 2010).
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Figure 4.2.5: The dielectric loss factor of sorghum bagasse as a function of frequency in the 915
MHz frequency range.
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Figure 4.2.6: The dielectric loss of sorghum bagasse as a function of frequency in the 2450 MHz
frequency range.
A slight reversal of the trend to decrease the dielectric loss as the frequency increases is
depicted in Figure 4.2.6 at 3000 MHz where a slight upward trend may be noted. This peak is
due to dipolar relaxation that is common in wet dielectrics (Metaxas, 1991), as at microwave
frequencies, the losses are due to re-orientation polarization of free water molecules similar to
that which occurred for sawdust (Paz, 2010). In this study, it was found that this peak increased
in magnitude with increasing moisture contents. This change in energy levels may be explained
by the fact that the total water phase bound in the material has a lower energy level than free
water resulting in lower values at lower moisture contents (Paz, 2010). However, from 2.2-3.3
GHz it was found that as the moisture content of bagasse decreases, the dielectric loss decreases.
A clear difference in the value of the dielectric loss for the highest and lowest moisture content is
present in the 915 MHz frequency range, which is supported by the statistical significance that
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exists between the values for the dielectric loss (t4=26.71, P=5.83E-6, Figure 4.2.5). Similarly in
the 2450 MHz frequency range, there exists a significant difference between the highest and
lowest moisture content for the dielectric loss (t4=723.52, P=1.09E-11, Figure 4.2.6). This
indicates that the presence of water does play a significant role in the lossiness of the material.
The dependence of the dielectric loss of sorghum bagasse on moisture content was found
to be statistically significant (Appendix E).

For both frequencies, the dielectric constant

increases as the moisture content increases which is consistent with available literature (Nelson,
1973b; Nelson and Stetson, 1976; Guo et al., 2010). Application of linear equations gives a very
good estimate of the dielectric constant as a function of moisture content (r2>0.97 for 915 MHz;
r2>0.99 for 2450 MHz) as depicted in Figure 4.2.7. Red winter wheat at 24°C follows the same
trend with regards to frequency and moisture content dependence of the dielectric loss as does
the sorghum bagasse (Nelson and Stetson, 1976). In this study, at a frequency of 1 GHz, the
dielectric loss factor of the wheat remains below 1.0 as it does for the sorghum. Additionally,
slight variations in the dielectric loss of the wheat at higher frequencies are similar to those
present in the sorghum.

Other studies also graphically corroborate this trend of increased

dielectric loss as the moisture content increases for wheat, corn, and sawdust across a range of
testing methods and conditions (Nelson, 1965; Trabelsi and Nelson, 2004; Paz, 2010). For grain
sorghum with an 11.4% wet basis moisture content the dielectric loss factor was found to be 0.34
at 1.00 GHz with decreasing values at each subsequent increase in frequency (Nelson, 1973b).
At similar moisture contents, our tested value of sorghum bagasse was slightly lower, which is
indicative that the bagasse has a lower interaction with the electromagnetic waves than does its
grain counterpart, which may be a function of material differences.
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Figure 4.2.7: The dielectric loss factor as a function of moisture content at 915 MHz and 2450
MHz.
Figures 4.2.8 and 4.2.9 depict the frequency dependency of the loss tangent of sweet
sorghum bagasse across a range of moisture contents. The loss tangent is important as it helps
describe the lossiness of the bagasse, or rather, the materials ability to dissipate electromagnetic
energy by giving the ratio between the lossy component (ε”) and the lossless component (ε’)
(Meredith, 1998). As can be seen here in these figures the loss tangent for bagasse decreases as
the frequency increases, which is expected considering the frequency dependency of ε’ and ε” in
this frequency range. This property may be calculated directly from ε’ and ε” and by doing so
with data on wheat, it shows that wheat grain has a similar trend within microwave frequencies
(Nelson and Stetson, 1976).
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Figure 4.2.8: The loss tangent of sorghum bagasse as a function of frequency in the 915 MHz
frequency range.
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Figure 4.2.9: The loss tangent of sorghum bagasse as a function of frequency in the 2450 MHz
frequency range.
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Loss tangent can be quite irregular, particularly with respect to frequency (Nelson and
Stetson, 1976), and while some irregularity exists with regards to variations in the loss tangent
decreasing as the frequency increases, this example does not deviate from typical literature
values (Nelson, 1965; Nelson and Stetson, 1976; Martín-Esparza et al., 2005). The values for
the loss tangent from the highest to the lowest moisture content are significantly different for
both 915 MHz (t4=168.055, P=3.76E-9, Figure 4.2.8) and at 2450 MHz (t4=429.984, P=8.78E11, Figure 4.2.9), which is expected as both the dielectric constant and loss factor are
significantly different with regards to the range of moisture contents (Appendix E).
The loss tangent of sorghum bagasse is depicted in Figure 4.2.10 as a function of
moisture content at 915 and 2450 MHz. As is the case with the dielectric constant and loss
factor, the moisture content plays a significant role in the loss tangent of the materials in the
microwave frequency range (Appendix E).

The loss tangent very closely follows a linear

relationship with the moisture content whereby as the moisture content increases the loss tangent
increases (915 MHz r2>0.87; 2450 MHz r2>0.93). This correlation is slightly lower in the case
of loss tangent as compared to the higher correlations found for the dielectric constant and the
loss factor as any errors present in either data set become additive with the square of the errors
when the ratio between the two is taken. The loss tangent of grain sorghum and wheat grain are
both calculated to be 0.12 at 1 GHz indicating the values calculated for the loss tangent of
sorghum bagasse are sensible when considerations are given to material composition and
preparation (Nelson, 1973b). Similarly, another study indicated a young sugar maple leaf as
having a loss tangent of 0.2 at 1 GHz, which is within the range of values collected for the
sorghum bagasse (Nelson, 1973a).
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Figure 4.2.10: The loss tangent of sweet sorghum bagasse as a function of moisture content at
915 and 2450 MHz.
4.2.3.2. Penetration Depth:
Figure 4.2.11 depicts the penetration depth as a function of moisture content for the two
FCC tested frequencies.

This parameter is the distance where the microwave power has

decreased to 1/e of its initial surface value, and is a very important value in characterizing
microwave heating (Sharma and Prasad, 2002). The penetration depth was determined using
equation (8) (Meredith, 1998).

As shown in Table 4.2.1, the penetration depth decreased

according to both exponential decay and the power law as the moisture content increased, while
also decreasing with increased frequency, which is similar to results obtained from other
materials (Sharma and Prasad, 2002; Guo et al., 2010). This has implication in that in a
continuous dryer, as material travels, it heats up, dries and therefore the penetration depth
increases. Temperature, which was not accounted for here, also has an effect on the dielectric
constant and loss factor which would affect the potential penetration depth.
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Figure 4.2.11: The penetration depth of sorghum bagasse exposed to microwave energy at
frequencies of 915 MHz and 2450 MHz as a function of moisture content.
Table 4.2.1: The correlation of penetration depth to dry basis moisture content using power law
and exponential decay.
Frequency Setting
915 MHz
2450 MHz

Power Law

r2

y=-86.66x0.316+352.13
y=-32.99x0.318+141.82

r2=0.89
r2=0.90

Exponential Decay
y=339.39e-0.081x
y=129.90e-0.072x

r2
r2=0.97
r2=0.99

4.2.4. Conclusions:
At microwave frequencies, it was found that both the frequency and moisture content had
a significant impact on the dielectric properties of sweet sorghum bagasse. For sorghum bagasse,
the dielectric constant, loss factor, and loss tangent decreased with increasing frequency, but
increased with increasing moisture content. The relaxation of free water molecules was also
found to consistently occur at 3000 MHz as evidenced by the peaks in the dielectric loss factor
curve at this frequency. This modified free-space transimission technique yielded values similar
to those for other grains and lignocellulosic materials. The penetration depth was calculated and
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found to decrease with increasing moisture content and increasing frequency indicating that as
the material dries during processing, the penetration depth will increase.
The dielectric properties are important for determining microwave heating characteristics
and can impact future designs utilizing these materials. Since moisture content has a significant
role in the dielectric properties, the moisture content will have impacts on microwave processing
characteristics. As such, these results can be used in the design and operation of microwave
systems, for non-destructive moisture content determination, and may aid in the improvement of
future biofuel processing methods.
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CHAPTER 5
MICROWAVE AND CONVENTIONAL DRYING OF CHINESE TALLOW TREE
SEEDS AND SWEET SORGHUM
5.1 Microwave and Conventional Drying of Chinese Tallow Tree (CTT)
5.1.1. Introduction
Rising crude oil prices and dependency on foreign oil, in addition to concerns for the
environment’s welfare has renewed the focus of the United States on research into the
development of economical and energy-efficient processes for production of alternative
transportation fuels. Accordingly, an alternative fuel must be technically feasible, economically
competitive, environmentally acceptable, and readily available (Meher et al., 2006). These
factors have led to interest in the use of plant matter for the production of biofuels.
While there are multiple renewable resources available for energy production, such as
wind or solar energy, plant biomass is currently the only sustainable source of organic carbon for
use in biofuels (Klass, 1998; Klass, 2004; Wyman et al., 2005; Huber et al., 2006; Kanitkar,
2010). With some exceptions, plant biomass is also available world-wide. Biofuels generate
significantly less greenhouse gas emissions than do fossil fuels and can be sustainably produced
by the U.S. on the order of 1094 million dry tons per year by 2030 without impacting current
food demands (Perlack and Stokes, 2011). Currently, 8% of nation’s energy supply is in the
form of renewable energy, with biomass contributing more than 4% of the nation’s primary
energy consumption (Perlack and Stokes, 2011). These feedstocks primarily consist of materials
from either forests (65% of the biomass consumption in the U.S.) or croplands (the remaining
35%). From this we may conclude that only those sources which minimize impacts on the world
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food and agricultural supply are best suited to become economically and environmentally
sustainable (Kanitkar, 2010).
Biodiesel, defined as the fatty acid methyl or ethyl esters derived from vegetable oils or
animal fats, is one such alternative (Georgogianni et al., 2008). Typical lipid materials used for
biodiesel production are derived from oil seeds such as soybeans, rapeseed, or peanuts as well as
other materials such as jatropha and algae. This fuel may then be used directly in modern diesel
engines. Different materials sources, based on initial fatty acids composition and esters present
after transesterification, have different performance qualities, with some materials having better
fuel characteristics (McCormick et al., 2001). Transesterification is the primary method of
producing biodiesel. This method uses catalyst to give high levels of conversion of triglycerides
to esters with short reaction times (Fukuda et al., 2001). More recently, in situ-transesterification
has been proposed as a way to optimize traditional transesterification reactions by performing the
transesterification reaction on whole samples without prior oil extraction (Figure 5.1.1). This
process reduces the production time and cost while still yielding 98% oil conversion when the
sample material moisture content is less than 2% (Qian et al., 2008).

For soybeans, the

conversion efficiency was shown to be 97% of the theoretical maximum at 2.6% moisture with
higher conversion performance occurring with increased moisture removal (Haas and Scott,
2007).

Transesterification
Solid Sample Material

(Methanol/
Ethanol +Catalyst)

Filtration

Purification/

(Remove Meal)

Separation

Biodiesel

Figure 5.1.1: In situ-transesterification conversion process to biodiesel.

101

At present, refined edible oils, such as those produced from soybeans, are the primary
source of biodiesel production in the U.S. (Haas and Scott, 2007). Usage of edible feedstock
drives up the price of the final fuel product making it unable to compete with traditional fossil
fuels. Thus, for long-term sustainability, it is necessary to explore non-food feedstocks. One
non-food feedstock of recent interest is the Chinese tallow tree (CTT) (Sapium sebiferum). This
tree was introduced to the United States as an ornamental tree and due to its ability to grow in a
variety of habitats rapidly became a dominant invasive species in the Southeastern portion of the
country (Figure 5.1.2 a). Native to Asia, it has long been grown there as a source of vegetable
tallow, drying oils, protein feed, and also as an ornamental tree (Potts, 1946; Duke, 1997). These
materials are primarily produced from oil extraction of the CTT seeds, which can be up to 40%
lipids (Duke, 1997) (Figure 5.1.2 b); additionally, the woody biomass of the trees may serve as a
valuable solid biofuel crop (Seibert et al., 1986).

A

B

Figures 5.1.2: Chinese tallow tree. A. Green tree with seeds. B. Cross-section of seed showing
tallow portion.
The oil from these seeds has fatty acid compositions primarily consisting of linolenic
acid, palmitic, oleic, and linolenic acids among others (Table 3.4) (Boldor et al., 2010) with good
oil stability during storage (Terigar et al., 2010). However, no studies have been performed to
our knowledge on the comparison of CTT oil with ASAE biodiesel feedstock standards. As
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these seeds have a moisture content of around 7% MCdb following harvesting, dropping after 3
days of air-drying to only 5.2% MCdb (Boldor et al., 2010), additional drying must be performed
for optimal in situ-transesterification processing.
Drying typically refers to the removal of various quantities of water from material, with a
huge variety of driers available and a variety of techniques for accomplishing drying such as
batch or continuous operation, direct or indirect drying, or different air circulation classifications
(Smith, 2003). Although natural drying and convective air drying are the most common drying
methods, they either produce materials of low product quality (especially for food type materials)
or have low energy efficiencies with long drying times (Zhang et al., 2006). In order to reduce
this drying time, microwave assisted drying of materials has been found to have drastically
reduced drying times when compared to traditional convective air drying, especially at low
moisture contents (Soysal et al., 2009; Marra et al., 2010). In previous studies, maximum drying
efficiencies were achieved when microwave and air drying were applied simultaneously (Soysal
et al., 2009; Alibas, 2010; Marra et al., 2010). However, for certain materials such as oregano it
was found that the essential oil yield was lowered and the oil composition changed following
microwave drying (Soysal et al., 2009).
For the first time, to our knowledge, we will be using this combined microwave
convective drying method for processing of CTT seeds in a continuous microwave belt-drier
which will be compared to conventional oven drying.

At present, it is unknown whether

microwave drying would have a similar effect on the oil quality and quantities yielded for CTT
seeds.

Drying rates were determined by collecting moisture content data from samples at

different locations and temperature profile were determined by collecting sample surface and air
temperature data. The goal of this study was to optimize microwave processing parameters to
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achieve sufficient moisture removal from CTT seeds and to determine the influence of these
parameters on temperature distribution and moisture reduction.
5.1.2. Materials and Methods
5.1.2.1. Sample Preparation:
The Chinese tallow tree seed samples were harvested from trees in the Baton Rouge area
in October and November 2010. Seeds were harvested by hand and placed in 2 gallon plastic
storage bags after sorting (Figure 5.1.3). To account for differences in moisture content of seeds
based on variation in the time of harvest, the seeds were thoroughly mixed together prior to
storage. The harvested seeds were stored at -20°C until testing, when samples were removed
from the freezer and left to equilibrate to room temperature overnight (25°C).

Figure 5.1.3: CTT seeds following sorting. Small twigs are still present.
5.1.2.3. Microwave Drying:
The microwave curing chamber (Industrial Microwave Systems, Morrisville, NC) was a
traveling wave applicator composed of a conveyor belt running at the geometrical center along
the axis of an aluminum waveguide (vz = 4.7 mm/s) (Figure 5.1.4). The conveyor belt was a flattop white polypropylene belt with a 2 inch width (Series 900, Intralox, LLC, Harahan, LA). The
microwaves were generated by a 1.2 kW microwave generator (Richardson Electronics, Ltd.,
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LaFox, IL) and transported to the curing chamber through WR 340 aluminum waveguides
(Figure 5.1.5). The curing chamber was outfitted with 2 electric axial-fans (Ebm-Papst Inc.,
Farmington, CT) and a variable temperature axial heater (Farnam Custom Products, Arden, NC)
to assist the microwaves in the drying process. The heater was set to maintain testing conditions
in the microwave chamber (25°C or 55°C). The microwave generator power was controlled
manually. USB power sensors monitored and recorded the forward and reflected microwave
power (PWR-SEN-6G+, Mini-Circuits, Brooklyn, NY).

Figure 5.1.4: Industrial Microwave System’s (IMS) conveyor belt drying system (Industrial
Microwave Systems, Morrisville, NC).

Figure 5.1.5: IMS conveyor belt drying system with microwave testing equipment.
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The surface temperature of the CTT seeds (single layer thickness) in the microwave
chamber was monitored with infrared thermocouples (Model OS136, OMEGA Engineering, Inc.,
Stamford, CN) placed at various distances along the waveguide as shown in Table 5.1.1 and
Figure 5.1.6. Based on the specifications of these sensors, the surface temperature was the
average of a 2.54 cm diameter circle on the conveyor belt. The surface temperatures were
monitored and recorded through a PicoLog data acquisition unit and software (Pico Technology,
Cambridgeshire, United Kingdom).
Table 5.1.1: Locations of the infrared thermocouples in drying system.
Sensors
Waveguide entrance
Microwave cavity entrance
Sensor 1
Sensor 2
Sensor 3
Sensor 4
Sensor 5
Sensor 6
Sensor 7
Waveguide exit

Distance to
sensor
(inch)
(cm)
-63.5
-25
0
0
10.75
27.3
16.25
41.3
21.75
55.2
27.25
69.2
32.75
83.2
97.2
38.25
43.75
111.1
71.25
181.0

2.54 cm diameter

Figure 5.1.6: Schematic of the microwave drying system and infrared thermocouple locations
along the waveguide.
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Data collection was started simultaneously for both systems (power sensors and infrared
thermocouples) in order to match temperatures measured by the infrared thermocouples with the
forward and reflected power. Exit air and room air temperature and humidity were monitored
using a digital hygrometer/psychrometer (Model 597, Test Products International, Beaverton,
OR). Room air temperature and humidity data were collected prior to testing, while exit air
temperature and humidity data were collected during microwave processing prior to the presence
of samples and after the samples had filled the length of the microwave chamber. Power
measurements at the wall for the fan, herater, and overall power requirements of the MW system
were measured for the entire length of testing. Steady state temperature data collected was
applied in conjunction with thermal material properties to calculate the internal temperature of
the seed using equations (5.1.1-5.1.3) with conductive radial heat transfer in series through a
composite sphere at steady state (no convection within the material) (Cengel, 2003):
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lm (W) is the total rate of heat transfer, T∞1 (°C) is the inner temperature at the center of the
kernel layer, T3 (°C) is the surface temperature of the seed, Rtotal (°C/W) is the summation of the
thermal resistance of each spherical layer. The equation for Rsph is then adapted for the second
and third layers (Rsph,2 and Rsph,3) where, r1 is the radial distance from the center of the seed to the
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outer portion of the kernel, r2 is the radial distance from the center of the seed to the outer
portion of the shell, r3 is the radial distance from the center to the outer layer of wax (all
distances measured in m), and k (W/mK) is the thermal conductivity for each layer as described
in (Table 3.4) (Figure 5.1.7). At steady state, Rsph,1 may assumed to be zero and T1 equal to T∞1
(Appendix F).

Figure 5.1.7: The thermal resistance network for a three-layer composite sphere subjected to
radial conduction from the outside.
The rate of heat transfer is calculated by using equations (5.1.4-5.1.6) (Cengel, 2003):
lmcc
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(5.1.4)
(5.1.5)
(5.1.6)

where lmcc (W) is the total heat transfer rate to the surface by convection and radiation, lmD|
(W) is the rate of convective heat transfer, lm (W) is the rate of radiative heat transfer, lmG

(W) is the rate of heat generation, h (W/m2°C) is the convective heat transfer coefficient, As (m2)
is the surface area, Ts (°C) is the surface temperature of the seeds, Tambient (°C) is the surrounding
air temperature, ε is the assumed emissivity (0.95), and σ is the Stefan-Boltzmann constant
(5.67x10-8 W/m2). Steady state is assumed. Heat transfer boundary conditions are taken to be
within the microwave cavity. This system of equations is then solved for T∞1. The rate of heat

generation, lmG , is measured by calculating the power absorbed per seed. The power absorbed
is assumed to be equal to the incident power minus the reflected power and there is no reflection
from the interface. A formula for calculating the power at a certain distance from the source is
used to determine the attenuation per meter α (Metaxas and Meredith, 1983):
 + ,

] !1

(5.1.7)

where P(z) (W) is the power absorbed during steady state, P (W) is the power incident during
steady state, α (1/m) attenuation constant, and z (m) is the length of the microwave cavity. This
equation is then solved for the attenuation constant for each microwave power level. Using this
attenuation constant, the power absorbed at two points x1 and x2 (m) were determined using
equation 5.1.7, where the incident power was interpolated for the point of interest, and z was
taken to be either the distance x1 or x2. x1 was the distance to the center of the first thermocouple
of interest from the entrance and x2 was the distance to the center of the second thermocouple of
interest from the entrance of the microwave cavity such that the difference between the two was
13.97 cm (Figure 5.1.8). The change in the power absorbed at each point was then calculated by
subtracting the power absorbed at x1 from the power absorbed at x2. The number of seeds
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contained by this area was then measured. The change in the power absorbed was then divided
by the number of seeds, yielding the heat generation per seed to be used in equation 5.1.4.

Figure 5.1.8: Schematic of locations for power generation measurement.
Prior to placement on the conveyor belt, parchment paper strips 6 cm in width and 15.24
cm in length were taped onto the conveyor belt to act as sample trays (Figure 5.1.9). Each strip
overlapped the previous piece by 1.27 cm. For each replicate, 10 strips were placed on the
conveyor belt under the sample such that the total length of the paper trays was equal to the
length of the microwave application chamber. The parchment strips allowed for easy sample
removal as well as collection of any oil secreted during microwave processing.

Figure 5.1.9: Parchment paper sample trays.
Data collected was based on an experimental design using CTT seeds to study the effects
of 2 power levels (200 and 600 W) and 2 heater temperatures (25 and 55°C) on heating and
drying rates. A control test was performed using hot air only (25 and 55°C) during sample
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processing. The initial moisture contents were obtained through conventional hot air oven
drying at 103°C.
The power levels indicated in this paper were the result of preliminary trials. Initial
power levels of 1200W, 600 W, and 300 W were originally selected, but runaway heating
occurred for power levels in excess of 600 W dependent upon the length of time the sample was
exposed to incident microwave energy.
For each set of data the temperature profiles along the waveguide was determined by
averaging all the measurements from 3 replicates for the infrared thermocouple measurements
for each second of testing (surface temperature only). Moisture content of the samples was
determined using the ASAE standard for unground grain and seeds for soybeans (ASAE, 1999).
Statistical analysis was performed using a Microsoft Excel 2007 Analysis ToolPak add-in using
ANOVA and two-sample t-tests.
5.1.2.4. Conventional Drying:
Conventional drying was performed using a mechanical oven set to 103°C. Each test was
performed in triplicate. For each, a representative sample was placed in heavy gauge aluminum
drying pans and weighed prior to placement in the oven. After a given period of time, the
samples were removed from the oven and weighed again. This weighing procedure was repeated
for over 72 hours until all moisture was removed from the samples. This data was then used to
determine the moisture content of the samples during the drying process following the ASAE
standard for unground grain and seeds for soybeans (ASAE, 1999). The drying rate for each
sample set was calculated using equation (5.1.8) (Leiker and Adamska, 2004):
m

∆

∆c

· 100
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(5.1.8)

where m is the drying rate in %/min, ∆X is the change in dry basis moisture content from the
initial moisture content to the moisture content at the end of testing, and ∆t is the time step in
minutes.
5.1.2.5. Psychrometrics:
In order to determine the quantity of moisture removed from the seeds, a water balance
for the system was established. The moisture content at the entrance in both the seeds (kg/hr)
and the air (kg/hr) was assumed to be equal to the moisture content present at the exit in both the
seeds (kg/hr) and the air (kg/hr). The moisture content in the seeds was determined as a dry
basis moisture content (%) during testing for both the materials entering the system as well as
exiting the system. This value was then multiplied by the mass of solids per hour sent through
the system (i.e. if 20 kg/hr of material is sent through system with 10% moisture content, the
solids flow rate would be 18 kg/hr). A digital hygrometer/ psychrometer (Model 597, Test
Products International, Beaverton, OR) was used to measure the flow of moisture in the air,
during testing, the relative humidity (%) and dry bulb temperature (°C) for both the ambient air
in the room and the air as it exited the microwave system. This information was then applied to
the psychrometric chart to determine the specific volume of the air (m3/kg dry air) as well as the
moisture content (kg H2O/kg dry air) for the air as it entered the system and again for when it
exited the system as described above. The volumetric flow rate (m3/hr) through the system was
determined by measuring the speed (m/s) of the air exiting the system by using a handheld
anemometer and multiplying it by the cross-sectional area (m2) of the cavity and then converting
seconds to hours. This volumetric flow rate was then divided by the specific volume of the air
obtained from the psychrometric chart to obtain the kilogram of dry air per hour. The moisture
content (kg H2O/kg dry air) obtained from the chart was then multiplied by this value (kg dry
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air/hour) to obtain the water in the air (kg H2O/hour). The water in the seed and the water in the
air for both the entrance and the exit were then compared.
5.2.3. Results and Discussion
5.2.3.1. Microwave Drying:
A moving average with a period of 9 was used when analyzing the surface temperature
during testing in order to identify overall trends in the data.

All surface temperature

measurements were acquired via non-contact infrared thermocouples that provide an analog
output proportional to the measured temperature as a type K thermocouple.
The graph below shows the initial data from testing at the upper limits of the microwave
generator of 1200W microwave power, while the initial ambient temperature within the system
was 55°C (Figure 5.1.10). The melting temperature of the polypropylene belt of 160°C is also
shown. This graph indicates that there is a period of rapid temperature rise in the system upon
entrance of the sample beyond the melting temperature of the polypropylene, but once the
microwave cavity is filled with sample the temperature equalizes. Within 130 seconds, it was
necessary to shut the system down due to smoke and melting of the conveyor belt due to the
excessive temperature (Figure 5.1.11). The maximum temperature measured within the system
was in excess of 187°C. Differences in initial temperature within the system are caused by
sensor proximity to the heater with sensors closest to the exit and the heater sensing a hotter belt
temperature. After replacing the damaged belt section, it was necessary to conduct all further
experiments at lower microwave power levels.
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Figure 5.1.10: Surface temperatures of CTT seeds for 1200W at 55°C.

Figure 5.1.11: Conveyor belt and sample following conveyor meltdown during 1200W and 55°C
testing.
All further testing was performed at 0, 300, and 600W microwave power in conjunction
with ambient microwave cavity temperatures of either 25 or 55°C. For the control setting of 0W
microwave power and a heater setting of 55°C, the surface temperatures during the initial
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equilibration period and testing are shown in Figure 5.1.12. The initial starting temperatures
within the testing chamber prior to the insertion of the sample were between 37 and 51°C. This
difference is caused by sensors nearest the exit having a closer proximity to the heater. During
testing a slight drop in temperature of 2 to 3 degrees was noted after the sample was inserted
(Figure 5.1.12) as the seed’s initial surface temperature was lower than the ambient air in the
testing chamber (55˚C).
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Figure 5.1.12: Surface temperatures of CTT seeds for 0W 55°C control test.
The surface temperatures during the initial equilibration period and testing are shown in
Figure 5.1.13 for 200W and 25°C, and Figure 5.1.14 for 200W and 55°C, respectively. The
initial starting temperatures within the testing chamber prior to the insertion of the sample were
between 20 and 25°C for the 200W 25˚C setting and 38 and 52°C for the 200W 55˚C setting. As
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the 25˚ setting is only slightly different from room temperature, the initial belt temperatures are
more uniform than at 55˚ where the conveyor belt must heat to the set temperature. The
temperatures nearest the entrance are lower than those near the exit due to the distance of the
first sensors from the heater, which was located toward the exit. After the sample entered the
microwave cavity, temperatures increased dramatically to an average maximum of 71.50±7.08°C
(Figure 5.1.13) and 90.60±8.52°C (Figure 5.1.14) for each test. From that point on, temperatures
dropped to an equilibrium level after initial heating.
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Figure 5.1.13: Surface temperatures of CTT seeds during microwave drying at 200W and 25°C.
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Figure 5.1.14: Surface temperatures of CTT seeds during microwave drying at 200W and 55°C.
During testing, the sensors nearest the exit indicated higher surface temperatures than did
the sensors nearest the entrance. This is because as the sample travels through the cavity, it
continues to absorb energy. This absorbed energy, which is the difference between the forward
and reflected power, is translated into greater heat production and higher temperatures as
microwave exposure continues during the transitional period when the initial heating occurs as
the microwave cavity fills with sample (Figure 5.1.15). At the beginning of the testing period,
the values for forward and reflected power are roughly equal, as without any load present in the
system, there is an impedance mismatch between the transition waveguide and the travelling
wave cavity and all incident power was reflected back to the source (Lance, 1964).
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Figure 5.1.15: Forward and reflected power for 200W. The line indicates the beginning of the
steady state period.
During testing, the decrease in power reflected is due to better impedance matching as the
cavity fills with material. At steady state, the power absorbed was 118W or 79% of the forward
power from the magnetron. It is important to note that the 200/600W values presented here list
nominal power as shown on the manual control power knob. The actual power is lower. After
this heating period, during which temperatures are at a maximum level, the transition into the
steady state region leads to lower temperatures, which is when the samples were collected from
the system for moisture measurements.

This temperature reduction is caused by radiative,

evaporative and convective cooling. Radiative cooling is caused by energy loss to the
environment through radiation (Equation 5.1.6), while convective cooling is caused by the air
flow through the CTT seeds that carries away the removed moisture (Equation 5.1.5).
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Evaporative cooling is inherent to all processes in which evaporation takes place. As both
radiative and convective cooling increase as the temperature increases, samples which heat more
rapidly also cool at a faster rate (Boldor et al., 2005).
Surface temperatures of the sample during microwave drying testing conditions of 600W
are depicted in Figure 5.1.16 (for 25°C) and Figure 5.1.17 (for 55°C). The initial starting
temperatures within the testing chamber prior to the insertion of the sample were between 21 26°C and 37 - 54°C, respectively, due to heater proximity and differences in outside air
temperature and the established heater setting.

After initial heating, temperatures equilibrated

due to evaporative, radiative, and convective cooling as described for the 200W tests. However,
this effect has a larger influence at the higher power levels due to higher temperatures (Equations
5.1.5 and 5.1.6). Higher temperatures are noted along the infrared thermocouples closest to the
exit of the testing chamber due to both the proximity of the heater as well as increased exposure
to microwave energy. During steady state at 600W, the power absorbed by the seeds was about
441W, which was 81% of the forward power (541W) from the magnetron (Figure 5.1.18). As the
total power absorbed in this test was almost 4 times greater than the power absorbed in the 200W
test, the temperatures achieved at the 600W setting were much higher. The decrease in reflected
power as drying progressed is due to the fact that as the quantity of sample within the microwave
cavity increased, which partially determines the amount of power reflected back to the
magnetron, the value of the reflected power decreased and the efficiency of the power absorption
is increased (Khraisheh et al., 1997; Soysal et al., 2006).

After the sample entered the

microwave cavity, temperatures increased to an average maximum of 164.93±7.01°C for the
25°C test and 177.20±6.75°C when the heater setting was 55°C at 600W.
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Figure 5.1.16: Surface temperatures of CTT seeds during microwave drying at 600W and 25°C.
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Figure 5.1.17: Surface temperatures of CTT seeds during microwave drying at 600W and 55°C.
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Figure 5.1.18: Forward and reflected power from 600W testing. The line is an indication of the
beginning of steady state testing.
Figures 5.1.19 and 5.1.20 below shows the average surface temperatures over each of the
seven infrared sensors in the microwave cavity during the transient testing period and steady
state testing, respectively. Initial seed surface temperature is shown as 25°C (room temperature).
Tests performed with an intial ambient temperature of both 25°C and 55°C are depicted. The
graph is plotted such that the x-axis is the placement of the infrared sensor from the entrance of
the microwave cavity. Temperatures are higher at the entrance of the microwave chamber, but
drop across the sensors to the exit of the microwave cavity during transient testing. This is due
to unequal energy distribution within the system. Initially only a small portion of the microwave
cavity contains sample. This small portion of sample receives the entire dosage of microwave
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energy leading to a rapid temperature increase.

Within waveguides containing a layer of

dielectric material, such as this one, the electric field decreases exponentially as a function of
distance (Boldor et al., 2005) causing a drop in available power at the latter half of the
microwave cavity, which combined with various cooling processes leads to a drop in temperature
after initial heating.
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Figure 5.1.19: Average surface temperatures of CTT seeds during the transient state testing
period across the infrared sensors.
During steady state testing, the temperature increases steadily as a sample section travels
the length of the cavity. The slight drop at the final data point (for the plots of 600W) is due to
convective cooling. In general, the average temperature increased with increases in the applied
microwave power level, while samples tested at 55°C had a higher average temperature than did
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those at 25°C. These values were also correlated with an equation for exponential rise to the
max. For 0W at 25°C, there was no fit as neither drying nor temperature increases occurred for
that setting. The results for all other heating and power levels indicate a high correlation with the
exponential curve (r2>0.93). Overall, average temperatures during steady state testing were
higher than those values for transient testing due to maximum absorption of microwave energy.
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Figure 5.1.20: Average surface temperatures of CTT seeds during steady state testing period
across the infrared sensors.
Table 5.1.2: Correlation of average surface temperature to distance using exponential rise to the
max during steady state.
Test Condition

r2

Equation

0W 55°C y=25.5+41.91 (1-e-0.0081x)
200W 25°C y=23.3+66.22 (1-e
200W 55°C y=24.7+86.83(1-e

-0.0105x

-0.0140x

600W 25°C y=24.8+116.12(1-e

0.94

)

0.94

)

0.98

-0.0472x

)

0.99

600W 55°C y=25.4+132.64(1-e-0.0409x)

0.99
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The linear relationship between the microwave power level and maximum temperatures
during the transient and steady state testing periods is shown in Figure 5.1.21. Maximum
temperatures during transient state testing at 200W were 80.2 and 99.9°C, respectively, while the
maximum for the control tests were 25.0 and 53.2°C. At 600W, the transient state maximum
temperatures were very close in value at 173.8 and 184.5°C. During steady state testing, the
maximum temperatures were 25 and 53.1°C (for 0W 25 and 55°C control tests), 74.1 and 96.2°C
(for 200W 25 and 55°C), and 155.9 and 176.6°C (for 600W 25 and 55°C). Tests with higher
initial temperature values maintained higher values throughout testing as depicted in Figure
5.1.20. Despite lowering microwave power setting to a maximum of 600W, the maximum
temperature reached during testing remained in excess of 170°C.
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Figure 5.1.21: Maximum overall surface temperatures of CTT seeds during transient (T) period
and steady state (SS) testing periods.
These maximum temperatures very closely (r2>0.99) follow a linear trend described by
the equations in Table 5.1.3. This trend may be useful for industrial process purposes when
establishing system power controls.
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Table 5.1.3: Transient and steady state relationship between power and temperature.
Equation

r2

25°C - Transient

y = 0.2177x + 54.486

r² = 0.999

55°C-Transient

y = 0.246x + 27.383

r² = 0.998

25°C-Steady State

y = 0.2161x + 27.353

r² = 0.998

55°C-Steady State

y = 0.2051x + 53.937

r² = 0.999

Test Condition

During steady state, the surface temperatures for the samples were found to vary with
applied microwave power, distance in the microwave cavity, as well as applied air settings
(Table 5.1.4).

Using equations 5.1.1-5.1.7, the internal temperatures of the seeds were

calculated. Only the first and last infrared sensor were used in the calculations as ambient air
temperature for the other sensor locations was unknown. Without applied microwave energy
(0W), the internal sample temperatures were found to be lower than air temperature due to
convective cooling to the center of the seed at 55°C. This is also due to there being no heat
generation for 0W as no microwave energy was applied. However, when microwave power was
applied, the internal temperatures were found to increase for both sensor locations. This increase
in temperature is due to heat generation as well as differences in the specific heat in each
component layer. A plot of internal temperature of the seeds versus the surface temperature of
the seeds as measured by the first and last infrared thermocouple is shown in Figure 5.1.22. The
linear relationships between the internal and surface temperatures had positive correlations
(r2>0.99), indicating that accurate estimations of internal temperatures may be made from the
surface temperatures as measured by the infrared sensors. This relationship may be useful for
future process monitoring and control purposes.
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Table 5.1.4: Surface temperature values during steady state testing and their internal
temperatures for different locations in the microwave cavity.*
Location
Test
Condition

Surface
Temperature (˚C)

Internal
Temperature (˚C)

Surface
Temperature (˚C)

Internal
Temperature (˚C)

0W 25°C
0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C

25.00
37.35
38.07
54.12
108.50
119.04

25.00
36.96
38.59
54.44
112.25
122.39

25.00
49.37
64.01
91.28
132.89
155.30

25.00
49.16
65.96
93.09
138.28
160.31

27.3 cm

111.1 cm

*Note: 200W - Qabs/seed=0.142W α=0.0647 1/m; 600W - Qabs/seed=0.759W α=0.0736
1/m.
180

Internal Temperature (°C)

160
140
120
y = 1.0453x - 1.5857
R² = 0.999

100
80

97.2 cm
60

27.3 cm

40
y = 1.0434x - 1.5072
R² = 0.999

20
0
0

50

100

150

200

Surface Temperature (°C)

Figure 5.1.22: Internal temperature as a function of surface temperature at different distances
during steady state testing.
5.2.3.2. Moisture Content:
Using sample placement data at the end of testing, the moisture content distribution
within the microwave cavity as a function of distance was determined (Figure 5.1.23). The
relationship between the moisture content and the time spent in the microwave are shown in
Table 5.1.5. The tests without microwave power had poor correlations to any given trend as no
significant drying occurred without application of microwave power. Tests at 600W showed the
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greatest reduction in moisture content and have extremely good correlations (r2>0.97) using both
exponential and linear relationships. At 600W, they also most closely resemble predicted drying
characteristics for other oil seed materials such as peanuts (Boldor et al., 2005). Dry basis
moisture contents after drying at this power level are roughly equivalent at both air temperatures,
which may indicate that they have similar drying rates despite different ambient temperatures.
At 200W 55°C, the data point at 0.09% moisture content was found to be an outlier using chisquared analysis (Χ2) analysis and was therefore not used for determining linear and exponential
correlations. As such, the correlations at 200W were also good (r2>0.93). This is indicative that
some drying is taking place as the material moves through the microwave cavity during testing,
although not as much as seen at the higher power. Also of note is that for each power level, the
sample set with lower ambient temperature testing conditions had lower final moisture contents
than did the higher temperature tests. This crossover that occurs is probably due to case
hardening at an air temperature of 55°C, where the outer pores of the material shrink and
moisture transfer is slowed.

For conventional drying, case hardening is common in fruit,

vegetable, and grain drying and occurs when the outer peripheral layers dry first due to rapid
drying and as the drying progresses, the material become less permeable to water vapor
movement, subsequently causing increases in the length of time necessary for evaporation due to
the resistance of mass transfer through the products surface (Campana et al., 1986;
Yongsawatdigul and Gunasekaran, 1996; Feng et al., 2001). This effect is caused by overheating
of the outside layers, and may be present here due to the high ambient air temperature present at
55°C. With case hardening, the moisture is more difficult to remove especially with lower
moisture content seeds. In CTT seeds, most of the sample’s moisture is contained within the
internal kernel layer, which makes it difficult for the moisture to pass through the shell. Also of
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interest is that the plotted moisture lines tend to become horizontal, especially at the lower power
levels, which is indicative of the falling drying rate period. At 600W it is expected that if the test
is continued for a longer period of time, the graph would tend to level off as it continues into the
falling drying rate period.
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Figure 5.1.23: The moisture content distribution in the microwave at the end of testing.
Table 5.1.5: Relationship between moisture content and distance for microwave testing.
Exponential Correlation

Linear Correlation

Test Condition
0W 25°C

Equation
y = 0.076·e0x

r
r² = 0.00

Equation
y = 1E-18x + 0.076

r2
r² = 0.00

0W 55°C

y = 0.076·e0.0003x

r² = 0.34

y = 2E-05x + 0.076

r² = 0.34

200W 25°C

y = 0.075·e

-9E-04x

r² = 0.93

y = -6E-05x + 0.074

r² = 0.93

200W 55°C

y = 0.082·e-0.001x

600W 25°C
600W 55°C

2

r² = 0.95

y = -8E-05x + 0.081

r² = 0.95

y = 0.080·e

-0.01x

r² = 0.98

y = -0.0004x + 0.073

r² = 0.99

y = 0.078·e

-0.009x

r² = 0.97

y = -0.0004x + 0.073

r² = 0.99
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Drying rate data includes information collected from conventional drying, which has an
overall drying rate lower than those values for microwave drying (Figure 5.1.24) and were
determined using equation (5.1.8). Conventional oven drying rate was calculated on a per
minute basis using the drying rate data from the conventional drying tests as moisture was
removed from the initial moisture content of 8.04% to 2.29% dry basis over a four hour time
period. Drying rate as described for the microwave tests was calculated on a per minute basis
from the drying rate data at the exit of the microwave cavity, where maximum drying was
present after 5 minutes of exposure to the microwave energy.

Analyses of variance in

conjunction with two-sample t-tests were performed to confirm statistical differences amongst
data sets.

Following the performance of an analysis of variance, there was a significant

difference in the drying rate among the microwave parameters (F4,10=102.39, P=4.52x10-8,
Figure 5.1.24). The control at 0W and 55°C is higher than the conventional oven at 103°C due
to convection within the microwave cavity.

However, the difference is not significant (t10=-

2.13, P=0.059, Figure 5.1.24). The addition of microwave power increases the drying rate
significantly versus the control tests (Appendix G). At both microwave power levels, the drying
rate at 25°C is greater than that at 55°C. This effect is also observed on the crossover of
moisture contents present toward the end of the cavity (Figure 5.1.23). Again, this may be due to
case hardening of the shell layer at the higher temperature. This effect is also likely present
during the conventional drying due to the use of 103°C heat. At 200W, the 25°C setting does
lead to a significantly higher drying rate than at 55°C (t4=2.80, P=0.049, Figure 5.1.24).
However, the difference is fairly negligible. Despite the 600W 25°C test having a higher drying
rate, at 600W there is no significant difference the drying rate between the two different ambient
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temperatures (t4=0.31, P=0.77, Figure 5.1.24). In this case, power consumed by the system
becomes an important factor.

Drying Rate (%MCdb removed/min)

1.4
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1
0.8
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Conventional
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0W 25°C

200W 25°C

600W 25°C

0W 55°C

200W 55°C

600W 55°C

Figure 5.1.24: Drying rate of CTT seeds during conventional and microwave drying (error bars
represent 95% confidence interval).
Given moisture contents, influent dry bulb temperature and humidity of the air (both
before and after the heater), as well as the effluent air dry bulb temperature and humidity (Table
5.1.6), a psychrometric analysis was performed in order to corroborate the quantities of moisture
removed from the seeds with the amount of that moisture that was picked up by the air (Table
5.1.7). Total mass flow rate for the CTT seeds was 2.41 kg/hr. Across all samples, the relative
humidity (RH) was found to decrease from the influent to the effluent air, while the effluent air
temperature was found to be higher due to radiative heating from the fan’s heating coils to the
fluid air as well as heat from the seeds. After psychrometric analysis, it was determined that
samples at the highest power setting, 600W, had the largest quantity of water removed (as
expected), but that the lower temperature sample at this power removed more water than at 55°C.
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This correlates well to previous drying rate data in which the 600W 25°C had the highest drying
rate (Figure 5.1.24). The final column in Table 5.1.7 is calculated by subtracting the water
picked up by the flowing air from the water removed from the seeds using thermodynamic and
pyschrometric limitations, in order to determine the difference between the two values. This
difference is considered to be the water removed by the application of MW power that
thermodynamically cannot be part of the outflow air stream and as such is carried out
instantaneously as vapor or steam. Based on thermodynamics, the water picked up by the air
seen here is the maximum level of removal possible through application of air alone given the
experimental conditions. The remaining water removed from the seeds (i.e. water evaporated by
MW) is the result of the microwave energy causing very rapid water movement such that the air
is unable to absorb the full quantity. If this vapor is collected and allowed to cool down to its
saturation temperature as defined on the psychrometric chart, the vapor would condense from the
air. When the energy required to evaporate water (2200 kJ/kg H2O) is compared to the total
energy necessary to evaporate the water from the seeds, it was determined that each of the tests
with the addition of microwave power took less energy than the enthalpy of evaporation. The
lower temperature setting again showed better performance at both power levels using this
indicator.
Table 5.1.6: Influent and effluent temperatures used in psychrometric analysis. All temperatures
are given in °C.
Test
Condition
0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C

Influx
Temperaturedb
(before heater)
26.233
25.233
27.667
26.433
27.767

Influx %
Influx
RH (before Temperaturedb
heater)
(after heater)
49.067
55.000
48.600
25.230
45.267
55.000
45.233
26.430
43.933
55.000
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Influx %
Out
RH (after
Temperaturedb
heater)
10.600
45.300
48.600
27.633
10.640
47.767
45.233
33.333
10.390
52.033

Out %
RH
22.667
43.633
20.633
34.633
17.733

Table 5.1.7: Influent and effluent water balance in seeds and in air.
Influx
Test
Condition
0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C

Out

Water in Water
air (kg
in air (kg
H20/hr) H20/hr)
2.349
2.419
2.358
2.419
2.302

3.222
2.475
3.293
2.759
3.466

Water
picked
up by air
(kg/h)
0.873
0.055
0.935
0.339
1.164

Influx
Water
in
seeds
(kg/hr)
19.368
19.368
19.368
19.368
19.368

Out
Water
in
seeds
(kg/hr)
18.774
16.175
16.998
5.449
5.876

Water
Water
removed
evaporated
from
by MW (kg
seeds
vapor/hr)
(kg/h)
0.595
-0.278
3.193
3.137
2.370
1.436
13.919
13.580
13.492
12.328

Energy
consumed to
evaporate
water (kJ/kg
H2O)
3129.020
577.402
1437.467
291.626
406.101

5.2.3.3. Power:
A graphical representation of the power consumed by the system as measured using the
in-line power meters connected to the wall outlets is given in Figure 5.1.25. This does not
represent incident microwave power within the microwave cavity, which is described in Figures
5.1.15 and 5.1.18, for 200W and 600W, respectively. The power consumed by the heater fan
and conveyor belt system as well as the power consumed by the microwave magnetron is plotted
in addition to the total power consumption for each test condition. For each test, usage of the fan
was necessary in order to prevent moisture condensation on the surface of the samples and
within the microwave cavity. Lowest power consumption was present for those tests which
utilized neither additional heating nor the use of microwave power. Tests at the higher initial
temperature setting consume slightly more power than those at the lower temperature. The use
of microwave power dramatically increases the overall power consumed, which is typical for
microwave drying energy consumption (Soysal et al., 2009).
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Figure 5.1.25: Average power consumption from the fan and conveyor belt system and
microwave power.
For a direct comparison of the drying rate with the average power consumption, the two
were plotted together to demonstrate the ratio between the two (Figure 5.1.26). The ratio is such
that it depicts the percentage of moisture content removed per minute per watt of power. From
previous data, it is known that the 600 W 25°C test had the highest drying rate, while the test at
600W 55°C has the highest value for power consumed. When the drying rate is compared as a
ratio to the total power consumed by the system, at 600W 25°C the ratio is at a maximum
indicating that the system is most efficient at the lower temperature setting for the higher power
tests. This effect is most likely due to two factors: 1. case hardening at higher air temperatures as
described for the drying rates and 2. The microwave drying is mostly dependent on the pressure
gradients generated within the material by the rapidly generated steam.

As such, outside

temperature has a minimal effect, while increasing the water holding capacity only slightly, it
comes with a higher energy penalty due to the air heating. For 200W, the drying rate power ratio
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also indicates that the efficiency is higher at lower ambient temperatures. This indicates that
600W 25°C yields the most efficient method for drying CTT seeds, in terms of both power

Drying Rate Power Ratio (%MCdb
removed/min/W)

consumed and drying rate achieved.
0.0012
0.001
0.0008
0.0006
0.0004
0.0002
0

Figure 5.1.26: Drying rate to power ratio for percent of moisture content removed per minute per
watt.
5.2.4. Conclusions:
During the course of this study, we were able to successfully develop a continuous
microwave drying process for biofuel feedstock. Both continuous microwave power levels
utilized increased the drying rate of CTT seeds compared to oven drying.
Overall, the moisture content of the samples was reduced from 7.4% to 2.2% wet basis in
300 seconds versus the four hours required in the conventional oven. At 600W and 55°C, case
hardening led to lower drying rates versus the higher drying rate present at 600W and 25°C.
This was also confirmed through psychrometric analysis, which found that the lower temperature
higher power setting had greater quantities of moisture removed. Based on this as well as the
greater amounts of power consumed at the higher temperature setting, it was found that 600W
and 25°C may be more efficient for processing CTT seeds than the other settings. Overall,
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microwave drying significantly decreased the amount of time required for moisture removal at
low initial moisture contents versus both control tests as well as conventional drying.
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5.2. Microwave and Conventional Drying of Sweet Sorghum:
5.2.1. Introduction:
Bioenergy is generally defined as renewable energy source derived from living organic
materials with lower emissions than traditional fossil fuels.

However, despite many years of

research into products produced from bio-based fuel sources, biomass energy still represents
only a small fraction of the energy produced and consumed in most industrialized countries
(Perlack et al., 2005). One major limitation of most agricultural sources is that they are derived
from food sources and have higher initial prices and potential impacts on world food supplies,
and so ultimately they cannot compete with fossil fuels.

Thus, for long-term potential,

alternative fuels must be produced from fuels that are economically competitive with fossil fuels
while minimizing impacts on agricultural food sources (Kanitkar, 2010).
One potential fuel source of interest is ethanol fuels produced from, or direct pyrolysis of,
lignocellulosic materials such as sweet sorghum bagasse. Traditionally, sorghum (Sorghum
bicolor (L.) Topper) has been important in the human diet throughout the world and for forage in
the United States (Duke 1983). It is commonly grown for grain, forage, syrup, and sugar while
more recently it has been considered a potential source for biofuels (Duke, 1983; Worley et al.,
1992). Previous studies comparing various sugar crops have also indicated that sweet sorghum
may have the best long range potential for ethanol production over sugarcane and beets as it can
be grown over a much larger geographic region (Nathan, 1978; Duke, 1983; Worley et al.,
1992).
After harvesting, the stalk material may be divided into three fractions: the stalk fraction,
which contains most of the juice and sugar, the rind-leaf fraction or bagasse, which contains
most of the fiber, and the seed heads that contain starch (Worley et al., 1992). The juice and
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sugar may be directly fermented into ethanol while the fiber may be converted into ethanol by a
process that converts the cellulose into sugar, which may then be fermented. As this fibrous
material is non-edible, it is the portion of the sorghum that is of particular interest for ethanol
production and pyrolysis. As processing efficiencies for the fermentation process are already
fairly high, this study is focused on making the processing for lignocellulosic conversion more
economical by improving process inefficiencies.
For sorghum biofuel processing, drying serves a two-fold purpose: decreasing the mass
of sample that must be transported, which lowers the transportation costs and increasing
downstream processing efficiencies by lowering moisture content. Although a number of studies
have been performed on the use of microwave energy for disinfestation or drying of sorghum
grain or aiding in the germination rate of the grain, to our knowledge no studies have been
conducted considering the drying characteristics or transport phenomena in microwave systems
with regards to sorghum bagasse (Gorakhpurwalla et al., 1975; More et al., 1992; Singh et al.,
2007). This study aims to close this knowledge gap by providing an understanding of the
underlying mechanisms involved in continuous microwave drying of sweet sorghum bagasse.
5.2.2. Materials and Methods:
5.2.2.1. Sample Preparation:
Sorghum (Sorghum bicolor (L.) Topper) was harvested from the Hill Farm Research
Station (Homer, LA) at the Louisiana State University Agricultural Center. Leaves, roots and
grains were removed and the stalks were crushed in a roller press (Farrel Company, Ansonia,
CT) three times to extract the juice. The remaining fibers or bagasse were stored in sealed 2
gallon bags at -20oC in order to maintain moisture content following processing. Prior to testing
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the sorghum was removed from the freezer and allowed to return to room temperature (Figure
5.2.1).

Figure 5.2.1: Processed sorghum bagasse with 5/8” washer for size reference.
5.2.2.2. Microwave Drying:
An industrial microwave system (Industrial Microwave Systems, Morrisville, NC) with a
traveling wave applicator composed of a 2 inch width polypropylene conveyor belt (Series 900,
Intralox, LLC, Harahan, LA) running at the geometrical center along the axis of an aluminum
waveguide (vz = 4.7 mm/s) was utilized for microwave and convection drying of the sorghum
bagasse. The microwave energy was generated by a manually controlled 1.2 kW microwave
generator (Richardson Electronics, Ltd., LaFox, IL) and transported to the curing chamber
through WR 375 aluminum waveguides (Figure 5.2.2). The curing chamber was outfitted with 1
electric axial-fan (Ebm-Papst Inc., Farmington, CT) and a variable temperature axial fan heater
(Farnam Custom Products, Arden, NC) to assist in the drying process. A second fan was present,
but was not utilized due to excessive sample movement.

The heater was set to maintain

predetermined temperature conditions in the microwave chamber (25°C or 55°C) and allowed to
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equilibrate prior to testing. Forward and reflected power was measured via two USB power
sensors (PWR-SEN-6G+, Mini-Circuits, Brooklyn, NY).
Axial Fan/Heater

Infrared
Thermocouples
MW Chokes

MW Chokes

Tuner

Power Sensors
Microwave Power Generator
Figure 5.2.2: Microwave drying system with component labels.
The surface temperature of the sorghum bagasse (1.5 cm maximum depth) in the
microwave chamber was measured via infrared thermocouples (model OS136, OMEGA
Engineering, Inc., Stamford, CN) placed at set distances along the curing chamber as shown in
Table 5.2.1 and Figure 5.2.3. The thermocouples were connected to a PicoLog data acquisition
unit and software for data recording (Pico Technology, Cambridgeshire, United Kingdom).
Based on sensor specifications, the surface temperatures were the average of a 5.07 cm2 circle
directly below the IR sensors.
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Table 5.2.1: Infrared thermocouple locations.

Sensors
Waveguide entrance
Microwave cavity
entrance
Sensor 1
Sensor 2
Sensor 3
Sensor 4
Sensor 5
Sensor 6
Sensor 7
Waveguide exit

Distance to
sensor
(inch)
(cm)
-25
-63.5
0
10.75
16.25
21.75
27.25
32.75
38.25
43.75
71.25

0
27.3
41.3
55.2
69.2
83.2
97.2
111.1
181.0

5.07 cm2

Figure 5.2.3: Schematic of the microwave drying system and infrared thermocouple locations.
Data collection for both power sensor measurements and thermocouples were started
simultaneously in order to match temperatures measured by the infrared thermocouples with the
forward and reflected power. Exit and room air temperature and humidity were measured both
prior to and during testing using a digital hygrometer/psychrometer (Model 597, Test Products
International, Beaverton, OR). Overall power consumption of the microwave system, the fans,
and the heater were recorded using in-line power meters placed between the sockets on the wall
and the respective components (Smart-Watt, Smart Solutions Group, Inc., Auburn, WA).
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Prior to placement on the conveyor belt, parchment paper strips (6 cm x 15.24 cm) were
placed on the conveyor belt to function as sample trays for ease of sample removal (Figure
5.2.4). Each tray overlapped the previous unit by 1.27 cm. For each replicate, 10 strips were
placed on the conveyor belt such that the length of the microwave application chamber and the
total length of the paper trays were the same. A separate sample of bagasse of equivalent volume
to the samples present on the testing strips was set aside prior to each test to correspond to the
initial moisture content of the bagasse prior to microwave drying.

Figure 5.2.4: Parchment paper sample trays.
Data collected was based on an experimental design using sorghum bagasse to study the
effects of 3 power levels (200, 600, and 1000W) and 2 heater temperatures (25 and 55°C) on
heating and drying rates. A control test was performed using hot air only (25 and 55°C) during
sample drying. The initial moisture contents were obtained through conventional hot air oven
drying at 130°C following the specific procedure for sorghum outlined in the ASAE standard for
unground grain and seeds (ASAE, 1999).
For each set of data the temperature profiles along the waveguide were determined by
averaging all the measurements from 3 replicates for the infrared thermocouple measurements
(surface temperature only). A 9 point moving average was then plotted to identify overall trends
in the data. Statistical analysis was performed using Microsoft Excel 2007 Analysis ToolPak
add-in using ANOVA and two-sample t-tests.
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5.2.2.3. Conventional Drying:
Conventional drying of sorghum was also performed for direct comparison to the
microwave drying characteristics. Analysis was performed in triplicate in a mechanical oven set
to 130°C. Each sample set was placed in a heavy gauge aluminum drying pan and weighed prior
to drying in the oven. After a set period of time, the samples were removed from the oven and
weighed again. This drying procedure was repeated for over 18 hours until all moisture was
removed from the bagasse. This data was then used to calculate the moisture content of the
sorghum following the ASAE standard for unground grain and seeds for sorghum (ASAE, 1999).
The drying rate for each sample set was calculated using equation (5.2.1) (Leiker and Adamska,
2004):
m

∆

∆c

· 100

(5.2.1)

where m is the drying rate in %/min, ∆ is the change in dry basis moisture content from the

initial moisture content to the moisture content at the end of testing, and ∆\ is the time step in
minutes.
5.2.2.4. Psychrometrics:
In order to determine the quantity of moisture removed from the seeds, a water balance
for the system was established. The moisture content at the entrance in both the bagasse (kg/hr)
and the air (kg/hr) was assumed to be equal to the moisture content present at the exit in both the
bagasse (kg/hr) and the air (kg/hr). The moisture content in the bagasse was determined as a dry
basis moisture content (%) during testing for both the materials entering the system as well as
exiting the system. This value was then multiplied by the mass of solids per hour sent through
the system (i.e. if 10 kg/hr of material is sent through system with 10% moisture content, the
solids flow rate would be 9 kg/hr). To measure the flow of moisture in the air, during testing, the
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relative humidity (%) and dry bulb temperature (°C) for both the ambient air in the room and the
air as it exited the microwave system were used in conjunction with thermodynamic information
from the psychrometric chart to determine the specific volume of the air (m3/kg dry air) as well
as the moisture content (kg H2O/kg dry air) for the air as it entered the system and again for
when it exited the system. The volumetric flow rate (m3/hr) through the system was given at 94
cfm or 159.71 m3/hr according to the product specifications (Ebm-Papst Inc., Farmington, CT).
This volumetric flow rate was then divided by the specific volume of the air obtained from the
psychrometric chart to obtain the kg of dry air per hour. The moisture content (kg H2O/kg dry
air) obtained from the chart was then multiplied by this value (kg dry air/hour) to obtain the
water in the air (kg H2O/hour). The water in the bagasse plus the water in the air for both the
entrance and the exit were then compared.
5.2.3 Results and Discussion:
5.2.3.1. Microwave Drying
Microwave drying of sorghum was performed across a range of power levels (0, 300,
600, and 1000W) and ambient air temperature (25 and 55°C) conditions.

Sample surface

temperatures were monitored using thermocouple sensors whose positions corresponded to those
shown in Figure 5.2.3 above and whose output is the same as a type K thermocouple. During
testing, only the axial fan/heater unit was utilized in order to minimize undesired sample
movement and loss.
Control testing conditions were set to be without the application of microwave power and
with ambient air temperatures of 55°C (Figure 5.2.5). The initial temperatures within the system
were the result of difference in placement of the sensor from the heater unit such that sensors
nearest the bagasse entrance and furthest from the heater have lower initial temperatures than do
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those sensors nearest the exit. As the sample enters the viewing range of the thermal sensors, a
temperature drop may be noted. This drop in temperature is due to the samples having a surface
temperature lower in value than the ambient air temperature within the system or the surface
temperature of the conveyor belt prior to sample insertion.
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Figure 5.2.5: Surface temperatures of sorghum bagasse for 0W 55°C.
During testing at 200W, the initial starting temperatures are more noticeably different at
the 25°C (Figure 5.2.6) setting than they are at 55°C (Figure 5.2.7). Again, this is due to the
proximity of the heater, but is also due to the fact that the 25°C setting is only slightly different
from the room temperature, so that the belt temperature as it travels through the system is more
uniform. At 55°C, the belt must heat from the much cooler outside temperature to the set
temperature within the microwave cavity causing a divergence in initial temperatures viewed by
the differently located IR sensors. After the sorghum enters the microwave cavity, it begins to
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absorb microwave energy causing a dramatic increase in the observed temperatures. With
sorghum drying, the samples rapidly enter constant rate drying as noted by the relatively
consistent temperature oscillations shortly following the introduction of the sorghum to the
microwave cavity. During lower temperature testing, it may be noted that the sensor nearest the
entrance noted higher temperatures following the introduction of sorghum than did the final
sensor. This may be due to the effect of increased evaporative and convective cooling at the
latter half of the microwave cavity. At the higher temperature, the final sensor noted rapid
heating to a value equivalent to the other sensors and did not display a particular trend. Overall,
the values observed during the 200W test for sorghum were 30°C lower than the values observed
for CTT seeds (Figures 5.1.11 and 5.1.12). This is due to the much higher moisture content of
the bagasse. In this situation, the energy goes toward evaporation of the water as enthalpy
changes rather than sensible heat for temperature increase.
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Figure 5.2.6: Surface temperature of sorghum bagasse during microwave drying at 200W 25°C.
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Figure 5.2.7: Sorghum bagasse surface temperature during microwave drying at 200W 55°C.
Sample surface temperatures for the 600W test are depicted in Figures 5.2.8 and 5.2.9 for
25°C and 55°C, respectively. Differences in initial starting temperatures are due to heater
proximity as well as differences between the outside air temperature and the established heater
setting. As was the case at 200W, the final surface temperatures at 55°C were higher than those
for the 25°C test. However, when compared to CTT seeds (Figures 5.1.14 and 5.1.15) the
temperatures for sorghum heating at 600W were 90°C cooler than the CTT 600W test, which is
3x the difference in the temperature between the CTT seeds and sorghum at 200W due to the
much higher moisture content of the sorghum bagasse. At 600W, the temperature stabilization
after entering steady state is more apparent than at 200W. Final values for the 25°C ambient
temperature test stabilized to be between 50 and 60°C, while the 55°C stabilized between 70 and
80°C. This temperature drop from the maximum is due to convective and evaporative cooling
effects.
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Figure 5.2.8: Surface temperature of sorghum bagasse during microwave drying at 600W 25°C.
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Figure 5.2.9: Surface temperature of sorghum bagasse during microwave drying at 600W 55°C.
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Complete testing at 1000W was not performed for CTT seed samples due to excessive
heating, which caused melting of the conveyor belt at power levels above 600W. This was not
the case for sorghum bagasse. Surface temperatures for 1000W testing are depicted in Figures
5.2.10 and 5.2.11 for 25 and 55°C, respectively. Final values for 1000W testing were only 10°C
higher than those at 600W. This is mostly due to the water evaporation point of 100°C. At this
temperature, it is not only the pressure gradients within the material but also the action of the
water within the material boiling that causes moisture removal. As such, the temperatures at
1000W do not heat beyond 100°C. As expected, temperatures at 55°C were consistently higher
than those at 25°C. Again, initial temperature differences are due to nearness of a particular
sensor to the heater unit. After initial heating, temperatures equilibrated due to evaporative and
convective cooling effects. This effect has a larger influence at these higher power levels due to
higher temperatures generated by increased exposure to microwave energy.
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Figure 5.2.10: Surface temperature of the sorghum bagasse during microwave drying at 1000W
25°C.
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Figure 5.2.11: Surface temperature of sorghum bagasse during microwave drying at 1000W
55°C.
Heat generation in the system is created by the absorption of energy by the sorghum
bagasse. The energy absorbed is the difference between the transmitted and reflected power
(Figure 5.2.12). This energy is then translated into heat production and higher temperatures as
microwave exposure continues during the transient period when initial heating occurs as the
microwave cavity fills with sample. When testing is first initiated, prior to insertion of the
sample, there is an impedance mismatch in the system between the waveguide cavity and the
transition waveguide from the magnetron and reflections from the back side of the microwave
applicator, which results in all of the transmitted power being reflected back to the magnetron
(Lance, 1964). As described for CTT seeds, the decrease in power reflected is due to better
impedance matching as the cavity fills with material and to the fact that energy is absorbed in the
material. For each of the tests, the power absorbed by the material and the percentage of power
absorbed from the forward power were calculated. The values obtained were 107, 308, and
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373W of power absorbed by the 200, 600, and 1000W tests, respectively, while values for the
percentage of forward power from the magnetron were found to be 74 (200W), 55 (600W), and
48% (1000W). The percent absorption values may be improved by tuning the system for better
impedance matching with sorghum bagasse.
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Figure 5.2.12: Average power reflected and transmitted for each microwave power level setting.
Although the actual values for power absorbed increased, the decrease in the percentage
of power absorbed during steady state testing is partially the result of most of the water removal
having occurred prior to that point. Biological materials without water typically have very low
reactivity with microwaves, so removal of the water from the system causes the material to
absorb less power (see sorghum dielectrics for decrease in reactivity with decreases in moisture
content, Chapter 5.2). This effect is lessened at 200W as more moisture was still available at the
end of the testing period than for the higher power setting tests. This effect is also due to the
lack of appropriate tuning, which is magnified at the higher power levels. This results in less
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relative heat generation at the higher power levels as displayed by the decreasing differences in
temperature with applied microwave power level (i.e. 20°C difference between 200 and 600W
tests, but 10°C difference between 600 and 1000W tests).
Figures 5.2.13 and 5.2.14 show the average surface temperatures of the system over each
of the infrared sensors during the transient and steady state testing periods for both the 25°C and
55°C tests. The initial sorghum temperatures, outside of the microwave cavity, are given to be
25°C. The distance listed for the x-axis is the distance of the sensor from the entrance of the
microwave cavity as described by Table 5.2.1. During transient testing, after entering the
microwave cavity, the surface temperature of the sorghum begins to rise rapidly.

Shortly

thereafter, except in the case of 0W 55°C where the hot air is the only source of heat, the
temperatures within the system begin to drop steadily due to convective and evaporative cooling.
As described for CTT seeds, this is also due to unequal energy distributions within the system,
whereby only a small section of sample is present in the cavity initially and it receives the entire
dosage of the microwave energy, which leads to a rapid rise in temperature. As the waveguide
fills with sample, the energy is distributed more equally within the system, which combined with
convection leads to a drop in the surface temperature after initial heating. At the higher power
levels, during steady state testing, the average temperature increased steadily as the sample
traveled through the system.

This effect was found to follow an exponential relationship

especially for tests where hot air was used in conjunction with the application of microwaves
(Table 5.2.2). This curve fit is typical of materials subjected to microwave drying, where the
initial heating up period is followed by period of drying at which the temperature is constant
(Metaxas and Meredith, 1983). In this region, most of the liquid is being vaporized within the
sample and is removed through capillary forces and pressure gradients (Boldor et al., 2005).
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Tests at the lower temperature setting typically had a lower correlation.

This is due to

temperature drops as the material traveled in the system, which is as described for transient
testing above.

In general, as increases in microwave power were applied for the same

temperature setting, the average temperatures increased. Samples tested at 55°C also maintained
higher temperatures than did the 25°C tests for the same power level. Overall, the average
temperatures observed at steady state were higher than those during transient testing due to
maximum absorption of microwave energy in this region.
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Figure 5.2.13: Average surface temperature of the sorghum bagasse during the transient testing
period.
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Figure 5.2.14: Average surface temperatures of the sorghum bagasse during steady state testing.
Table 5.2.2: Relationship between distance traveled in the microwave and the average surface
temperature during steady state testing.
Test
Condition
200W 25°C
200W 55°C
600W 25°C
600W 55°C
1000W 25°C
1000W 55°C

Equation
y=25.0+12.75(1-e(-6.74x))
y=25.6+35.88(1-e(-0.06x))
y=25.0+32.77(1-e(-6.99x))
y=25.3+57.22(1-e(-0.07x))
y=25.0+41.16(1-e(-16135.79x))
y=25.1+70.61(1-e(-0.08x))

r2
r2=0.53
r2=0.86
r2=0.87
r2=0.96
r2=0.91
r2=0.99

The relationship between the applied microwave power level and the maximum surface
temperature measured was linear for both transient and steady state testing periods (Figure
5.2.15). This figure demonstrates that as microwave power levels are increased, the maximum
achievable temperature is increased. Maximum temperatures at 1000W 55°C were in excess of
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100°C for both transient and steady state testing. As expected, the temperatures for the lower air
temperature test achieved lower maximum than their higher temperature counterparts. These
values follow a linear trend, which is described in Table 5.2.3. At higher temperature setting,
this correlation was positive (r2>0.98), with lower correlations at the lower temperature settings
(r2>0.92). This correlation may be of potential use in future analyses where power control
settings are a factor than can be automatically adjusted.
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Figure 5.2.15: Maximum overall surface temperatures of sorghum bagasse versus power during
steady state testing.
Table 5.2.3: Relationship between transient and steady state maximum temperatures with power.
Test Condition
Equation
Transient-25°C y=33.568+0.064x
Transient-55°C y=58.832+0.056x
SS-25°C
y=32.701+0.064x
SS-55°C
y=53.694+0.063x
*Note: 1.00=0.999
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r2
r2=0.93
r2=1.00*
r2=0.94
r2=0.99

5.2.3.2. Moisture Content:
During testing, the samples were placed on simple parchment papers trays both to ease
removal of samples from the microwave cavity as well as to demarcate specific sample sections
corresponding to the infrared sensors placed above. At the end of testing, the sample trays were
removed, and the moisture content of each sample section was measured. The moisture content
distribution within the microwave cavity was then plotted as a function of distance (Figures
5.2.16 and 5.2.17). These values were found to correlate with exponential decay curves (Table
5.2.4). Unlike CTT seeds, the sorghum bagasse drying distribution did not correlate well with a
linear fit curve. When no power was utilized, little drying occurred, so tests for these values do
not follow a particular trend. Tests at both 600W and 1000W show almost equal reductions in
moisture content at the end of the testing period. As was noted for Figure 5.2.14, the linear trend
at the latter half of 600W and 1000W is indicative of the sample being in the falling drying rate
period. Typically, samples are not heated beyond this region unless it is necessary to continue
heating the material after it is dried.
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Figure 5.2.16: The moisture content distribution in the microwave for 0 and 200W at steady
state.
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Figure 5.2.17: The moisture content distribution in the microwave for 600 and 1000W at steady
state.
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Table 5.2.4: Exponential relationship between moisture content and distance at steady state.
Test
Condition
0W 25°C

Equation
y = 56.5271·e0x

r2
r² = 1.00

y = 87.0218·e

-0.0014x

r² = 0.17

y = 88.6835·e

-0.0090x

r² = 0.96

200W 55°C

y = 79.5492·e

-0.0119x

r² = 0.98

600W 25°C

y = 41.8588·e-0.0180x

r² = 0.88

600W 55°C

y = 37.1324·e

-0.0187x

r² = 0.97

1000W 25°C

y = 30.7928·e

-0.0172x

r² = 0.80

1000W 55°C

y = 26.0464·e-0.0186x

r² = 0.85

0W 55°C
200W 25°C

In drying processes, it is of interest to examine the actual quantities of moisture removed
through the application of novel drying techniques. For this reason, the water balance of the
microwave system for sorghum bagasse drying was examined with the aid of basic
psychrometric and thermodynamic analysis. In order to perform this analysis, temperature and
humidity data were collected during processing (Table 5.2.5) and then applied using
psychrometric relationships to determine the influent and effluent water balances from the air
and bagasse (Table 5.2.6). Total mass flow rate for sorghum bagasse was 1.74 kg/hr. From this,
it was determined that for the 0W 55°C, the water picked up by the air was approximately equal
to the water removed from the bagasse. For all other samples, the water removed from the
bagasse exceeded the water that could have been picked up by the air using a strict
psychrometric relationship. This difference is demonstrated in the water evaporated by MW
column of Table 5.2.6. This moisture is then being removed instantaneously as vapor or steam
through the application of microwave power and carried out of the system by the air flow as a
supernated air stream. Without the fan causing heating to the air, the water would be condensed
as steam when it reaches the saturation temperature of the air at which point the air is cooler and
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becomes humidified. When compared to the enthalpy of evaporation for water using hot air
alone (2200 kJ/kg), only 3 parameters are more efficient (both 200W and the 600W 25°C test) as
seen in the final column of the table. It is of interest to note that the samples with lower air
temperatures had the highest quantities of water removed due to the microwave interaction.
Table 5.2.5: Influent and effluent temperatures and relative humidity values from the microwave
cavity. All temperatures are given in °C.
Test
Condition

Influx
Temperaturedb
(before heater)

0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C
1000W 25°C
1000W 55°C

Test
Condition

0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C
1000W 25°C
1000W 55°C

22.533
22.533
26.167
24.500
22.567
22.733
23.833

Influx %
RH
(before
heater)
44.033
46.433
54.600
60.400
47.533
53.267
50.767

Influx
Temperaturedb
(after heater)
55.000
25.000
55.000
25.000
55.000
25.000
55.000

Influx %
RH
Out
(after Temperaturedb
heater)
7.620
44.200
40.000
24.567
11.750
46.067
58.620
26.933
8.240
46.233
46.480
27.233
9.500
46.600

Table 5.2.6: Water balance for influent and effluent moisture.
Inlet
Outlet
Inlet
Outlet
Water
Water
Water
Water
Water picked Water
Water removed
evaporated
from
up by
in air
in air
in
in
by MW (kg
air
(kg
(kg
bagasse bagasse bagasse
vapor/hr)
(kg/h)
(kg/h)
H20/hr) H20/hr)
(kg/hr) (kg/hr)
1.274
1.469
1.957
2.165
1.380
1.710
1.594

2.014
1.783
3.060
2.557
2.852
2.175
2.621

0.739
0.314
1.103
0.392
1.473
0.465
1.027

1.618
1.835
2.167
2.035
1.754
2.153
2.042

0.850
0.562
0.359
0.200
0.121
0.164
0.114

0.768
1.273
1.808
1.835
1.633
1.989
1.928

0.029
0.959
0.705
1.444
0.161
1.524
0.901

Out %
RH
20.067
51.500
27.733
62.233
25.667
52.200
23.200

Energy
consumed
to
evaporate
water
(kJ/kg
H2O)
2583.542
1402.501
1900.948
2094.625
3502.262
2792.863
3051.662

Drying rates were determined with the aid of Equation 5.2.1. Data from this analysis are
depicted in Figure 5.2.18. The conventional drying rate was calculated on a per minute basis as
moisture was removed from the initial moisture content of 117.13% to 6.52% dry basis over a
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110 minute time frame. The conventional drying rate was found to have a relatively negligible
drying rate such that it is not visible on the chart. All other drying rates described were
calculated on a per minute basis using the dry basis moisture content data at the exit of the
microwave cavity, where maximum drying was present at the end of the 5 minute testing period.
An analysis of variance as well as t-tests were applied to determine statistical significances
among each of the sample drying rates (Appendix H). ANOVA indicates that there is a
significant difference among these drying rate values (F8,18=66.50, P=8.67x10-12). The control at
0W 55°C was higher than the conventional oven drying due to convection in the microwave
cavity that is absent from the oven. Additionally, this control test was found to be significantly
different from all other sample sets analyzed (Appendix H). From the graph, it is also evident
that the application of microwave power dramatically increases the achievable drying rates.
However, it is only at the 200W power level that the 55°C temperature test has a greater drying
rate than at the 25°C test. The 200W tests were found to be significantly different (t4=-3.05,
P=0.038). At all other power levels, the lower temperature level test had a higher drying rate,
but these differences were not significant (25 to 55°C – 600W, t4=2.41, P=0.073; 1000W,
t4=0.83, P=0.45). This slight difference may be due to the higher temperature tests removing
moisture content early in the drying cycle so that at the end of the testing period they are no
longer removing moisture content as efficiently as less moisture content is available at that point
than it is for the lower temperature tests. Interestingly, the 200W 25°C was not significantly
different from the 600W 55°C (t4=-2.34, P=0.079), nor was the 200W 55°C test significantly
different from each of the higher power level tests (both 600 and 1000W). However, these tests
have been shown to evaporate water much more efficiently as was shown in table 5.2.6. Also of
note is that the 600W tests and the 1000W tests were not significantly different except between
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600W 55°C and 1000W 25°C where the 1000W 25°C did have a significantly higher drying rate.
Since the majority of these tests were not found to be significantly different from one another
when microwave energy was present, it is of interest to examine the actual power consumed by
the system in relation to these drying rates.

Drying Rate (%MCdb removed/min)

30
25
20
15
10
5
0

Figure 5.2.18: Drying rate of sorghum bagasse during conventional and microwave drying (error
bars represent 95% confidence interval).
5.2.3.3. Power:
The power pulled by the system for both the conveyor belt and fan system as well as the
power utilized to operate the microwave generator were measured during testing (Figure 5.2.19).
These values are not representative of the incident microwave power within the testing cavity,
which are depicted in Figure 5.2.12. For each test, it was necessary to run the fan during testing
in order to prevent condensation of moisture within the microwave cavity. As expected, power
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consumption increased with increased heater settings and with higher applied microwave power

Average Power Consumption (W)

settings (Soysal et al., 2006).
1800
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1400
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800
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Fan + Belt
0W 25°C

200W 25°C

600W 25°C

MW
1000W 25°C

0W 55°C

Total
200W 55°C

600W 55°C

1000W 55°C

Figure 5.2.19: Average power consumption from the fan and conveyor belt system and
microwave power.
In order to more directly correlate the power consumed by the system with its
corresponding drying rate, a drying rate power ratio was created (Figure 5.2.20). This ratio is an
indication of the effectiveness of the system settings being investigated, whereby higher values
indicate greater efficiency by removing greater quantities of moisture as a percentage per watt of
power used. However, since the initial moisture contents for the higher and lower temperature
tests had very different initial moisture contents the higher power tests (600 and 1000W) cannot
be directly compared to the lower power (0 and 200W) settings. As expected, the conventional
oven test had one of the lowest ratios for efficiency, but did perform slightly better than the 0W
25°C test due to the higher applied temperature. Based purely on drying rate data the 1000W
25°C had the highest drying rate, while the 1000W 55°C test consumed the greatest power, but
still had the second highest drying rate. However, when the two variables of power consumed
and drying rate are combined, the 1000W tests were found to be highly inefficient. The 600W
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55°C tests was found to be similarly inefficient. At the higher power setting, the 600W 25°C test
was the most efficient. Similarly at the lower power settings the 200W tests had the highest ratio
value. At 200W 25°C the ratio is at a maximum indicating that the system is most efficient at
the lower temperature setting, in terms of both power consumed as well as the drying rate
achieved. This correlates well to what was determined previously, as this tests has the lowest
energy consumption per kilogram of water removed as was shown in table 5.2.6. This test
appears to be much more efficient than the higher power tests due to its higher initial moisture

Drying Rate Power Ratio (%MCdbremoved/min/W)

content as it is much easier to remove the water when the moisture content is high.
0.035
0.03
0.025
0.02
0.015
0.01

Values
too
small to
appear.

0.005
0

Figure 5.2.20: Drying rate to power ratio for percentage of moisture content removed per minute
per watt.
5.2.4. Conclusion:
Through the application of microwave power combined with convective moisture
removal, we were able to effectively develop a method for rapidly removing moisture through
the novel application of microwave drying of agricultural feedstocks for the purpose of
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increasing biofuel processing efficiencies.

In all cases, application of microwave power

increased the drying rate of the sorghum bagasse in comparison to oven drying methods.
With the application of microwave power, the dry basis moisture content was effectively
reduced by 100% from an average initial moisture content of 114.60% to 14.52% dry basis
moisture content (53.25% to 12.13% wet basis) in a 5 minute testing period.

Through

psychrometrics, we were able to determine that lower applied air temperatures in conjunction
with microwave power removed more water from the samples. It was also found that the
settings of 200W 25°C and 55°C, as well as 600W 25°C may be the most efficient method of
rapidly removing water from sorghum bagasse samples. Overall, the application of microwave
energy significantly decreased the amount of time necessary for effective water removal and may
be a viable future alternative for processing of biofuel feedstock materials.
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CHAPTER 6
SUMMARY AND FUTURE WORK
The original idea behind this project was to design a way to effectively remove moisture
from agricultural materials in order to improve processing characteristics for varying methods of
biofuel production. With this idea in mind, two different agricultural materials were selected,
Chinese tallow tree (CTT) seeds as well as sweet sorghum bagasse. The CTT seeds were a
representative material for oil-seeds used in biodiesel production, while the sorghum bagasse
was chosen as a lignocellulosic material with the potential of usage in either bioethanol
production or direct pyrolysis into bio-oils or other biofuel materials.
In order to achieve the most efficient method of drying, other material characteristics
were first determined. These included investigations into various thermal properties of the
materials including the heating and phase change characteristics of the various components of
CTT seeds, the specific heat, thermal conductivity, as well as lipid and elemental composition of
each layer of the seeds. Results from these tests revealed that each layer of the seeds has
strikingly different material characteristics. Following this, both materials were analyzed for
their dielectric properties across a range of both moisture contents and frequency values in order
to facilitate determination of how these materials would behave when exposed to microwave
energy. The dielectric properties of each were found to be both frequency and moisture content
dependent. These values were then applied to microwave penetration depth calculations, which
could be useful in larger scale testing of these materials in order to insure efficient microwave
processing. The final and most important goal of this study was to measure the effect of
microwave drying on these sample materials. Microwave power, ranging from 0W to 1000W,
was applied to the materials in conjunction with a set of ambient air conditions. These variables
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were found to have a major effect on the efficiency of moisture removal from the system.
Interestingly, the lower temperature settings were found to more efficiently remove water from
the samples in terms of both drying rates and energy consumption per kilogram of H2O removed.
For CTT seeds, heat transfer calculations were applied to the thermal profiles from the
microwave testing in order to determine the internal temperature of the seeds. Due to heat
generation from the microwaves, the internal temperature of the seeds were found to be higher
than their external surface temperatures. Overall, for both samples, we were able to successfully
develop a method of efficiently drying low moisture content agriculture materials.
The results from this project will one day be able to aid in the development of efficient
processing methods for bio-based fuel production. For CTT seeds, one of the major limitations
to further progress is current harvesting practices. Current methods are limited to harvesting and
sorting the seeds by hand, whereby teams of individuals must climb trees and collect limbs with
the seeds intact, after which they are either sorted by hand or must be allowed to dry for an
extensive period of time before they may be processed through a grain thresher set to process
materials of the seed’s diameter. For CTT oil production to be viable, an alternative method for
cultivation and harvesting would need to be developed.
Other future analyses of interest include measurements of the thermal conductivities and
specific heats of these materials as a function of temperature so that heating characterization may
be more accurately developed for future modeling purposes of this technique as well as other
theoretical processes. In conjunction with this, it would also be of interest to perform specific
heat analysis using modulated-DSC techniques in order to more accurately determine and
confirm results from current KD2 Pro thermal analysis techniques. For TGA analysis, it would
also be of interest to have a compositional analysis performed in order to accurately document
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the cellulose, hemicelluloses, and lignin composition of each layer. For microwave drying, since
it was determined that lower ambient temperatures may more efficiently remove moisture,
testing during cooler months of the year (to more accurately portray when processing of these
materials are likely to occur as they are harvested during the cooler fall and winter months), may
convey even further increases to the efficiency of the process.

Also for more accurate

determination of power absorption from the samples, it may be of interest to place a power
sensor at the exit of the microwave cavity to more accurately determine the power absorbed until
that point. For future analysis, the acquisition of scanning electron microscope images of the
various layers of the CTT seeds, in conjunction with the application of lipid and protein stains, is
desirable in order to determine how these seed components are structured within each layer as
and their effect on the heating characteristics of the material.
These fuels, which have lower emission profiles than conventional fossil fuels, are key to
responding to current energy demands in the United States. Microwave drying provides the
opportunity for improving the processing characteristics and thereby lowering costs of producing
such fuels. Thus, each improvement in processing may make it possible for biofuels to one day
be a viable alternative to current fossil fuel demands.
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APPENDIX A
SPECIFIC HEAT
Statistical analysis of specific heat data.
ANOVA for Specific heat across all samples.
Anova: Single
Factor
SUMMARY
Groups
Sorghum Bagasse
Sawdust
CTT Shell
(granular)
CTT Kernel
(granular)
Soy Flour
CTT Wax
(granular)
Peanut Butter
Ground CTT
Candle Wax (solid)
ANOVA
Source of Variation
Between Groups
Within Groups

SS
17902393.26
111497.4531

df
8
18

Total

18013890.72

26

Count

3
3

Sum
6963.66
9673.29

Average
2321.22
3224.43

Variance
1859.075689
908.118225

3

6056.16

2018.72

26.8324

3
3

3711.06
7022.79

1237.02
2340.93

9.9225
625.600144

3
3
3
3

11530.62
6005.16
8501.73
11195.01

3843.54
2001.72
2833.91
3731.67

29297.1149
155.650576
10838.68388
12027.72824

MS
2237799.158
6194.30295

F
361.267309

P-value
2.88444E-18

ANOVA for specific heat across CTT samples only.
Anova: Single Factor For CTT only
SUMMARY
Groups

Count

CTT Shell (granular) 3
CTT Kernel (granular) 3
CTT Wax (granular) 3
Ground CTT
3
ANOVA
Source of Variation SS
Between Groups
11226685.93
Within Groups
80345.10735

Sum

Average Variance

6056.16 2018.72
3711.06 1237.02
11530.62 3843.54
8501.73 2833.91
df
3
8

26.8324
9.9225
29297.11
10838.68

MS
F
P-value F crit
3742229 372.6155 6.26E-09 4.066181
10043.14
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F crit
2.510157895

Total

11307031.04 11

Two-sample t-test results for specific heat across all samples.
t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular) CTT Kernel (granular)
2018.72
1237.02
26.8324
9.9225
3
3
18.37745
0
4
223.328
1.21E-09
2.131847
2.41E-09
2.776445

t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse Sawdust
Mean
2321.22
3224.43
Variance
1859.075689 908.118225
Observations
3
3
Pooled Variance
1383.596957
Hypothesized Mean Difference
0
df
4
t Stat
-29.73921959
P(T<=t) one-tail
3.80659E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
7.61319E-06
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse CTT Shell (granular)
Mean
2321.22
2018.72
Variance
1859.075689
26.8324
Observations
3
3
Pooled Variance
942.9540445
Hypothesized Mean Difference
0
df
4
t Stat
12.06495606
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P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.000135327
2.131846782
0.000270654
2.776445105

t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse CTT Kernel (granular)
Mean
2321.22
1237.02
Variance
1859.075689
9.9225
Observations
3
3
Pooled Variance
934.4990945
Hypothesized Mean Difference 0
df
4
t Stat
43.43757682
P(T<=t) one-tail
8.39704E-07
t Critical one-tail
2.131846782
P(T<=t) two-tail
1.67941E-06
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse Soy Flour
Mean
2321.22
2340.93
Variance
1859.075689
625.600144
Observations
3
3
Pooled Variance
1242.337916
Hypothesized Mean Difference 0
df
4
t Stat
-0.684876688
P(T<=t) one-tail
0.265523352
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.531046703
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular) Soy Flour
Mean
2018.72
2340.93
Variance
26.8324
625.600144
Observations
3
3
Pooled Variance
326.216272
Hypothesized Mean Difference 0
df
4
t Stat
-21.84901356
P(T<=t) one-tail
1.29823E-05
t Critical one-tail
2.131846782
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P(T<=t) two-tail
t Critical two-tail

2.59647E-05
2.776445105

t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular) Peanut Butter
Mean
2018.72
2001.72
Variance
26.8324
155.650576
Observations
3
3
Pooled Variance
91.241488
Hypothesized Mean Difference 0
df
4
t Stat
2.179708267
P(T<=t) one-tail
0.047387702
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.094775405
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Kernel (granular) CTT Wax (granular)
Mean
1237.02
3843.54
Variance
9.9225
29297.1149
Observations
3
3
Pooled Variance
14653.5187
Hypothesized Mean Difference 0
df
4
t Stat
-26.37155445
P(T<=t) one-tail
6.14365E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
1.22873E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Kernel (granular) Ground CTT
Mean
1237.02
2833.91
Variance
9.9225
10838.68388
Observations
3
3
Pooled Variance
5424.30319
Hypothesized Mean Difference 0
df
4
t Stat
-26.5551435
P(T<=t) one-tail
5.97629E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
1.19526E-05
t Critical two-tail
2.776445105
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
2340.93
625.600144
3
5732.142013
0
4
-7.974738653
0.000669958
2.131846782
0.001339916
2.776445105

Ground CTT
2833.91
10838.68388
3

t-Test: Two-Sample Assuming Equal Variances
CTT Wax (granular) Ground CTT
Mean
3843.54
2833.91
Variance
29297.1149
10838.68388
Observations
3
3
Pooled Variance
20067.89939
Hypothesized Mean Difference 0
df
4
t Stat
8.728847753
P(T<=t) one-tail
0.00047448
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000948961
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Peanut Butter Candle Wax (solid)
Mean
2001.72
3731.67
Variance
155.650576 12027.72824
Observations
3
3
Pooled Variance
6091.689409
Hypothesized Mean Difference 0
df
4
t Stat
-27.14627876
P(T<=t) one-tail
5.47471E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
1.09494E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
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Sorghum Bagasse CTT Wax (granular)
Mean
2321.22
3843.54
Variance
1859.075689
29297.1149
Observations
3
3
Pooled Variance
15578.09529
Hypothesized Mean Difference 0
df
4
t Stat
-14.93806705
P(T<=t) one-tail
5.84896E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000116979
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse Peanut Butter
Mean
2321.22
2001.72
Variance
1859.075689
155.650576
Observations
3
3
Pooled Variance
1007.363133
Hypothesized Mean Difference 0
df
4
t Stat
12.32887547
P(T<=t) one-tail
0.000124341
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000248683
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sorghum Bagasse Ground CTT
Mean
2321.22
2833.91
Variance
1859.075689
10838.68388
Observations
3
3
Pooled Variance
6348.879785
Hypothesized Mean Difference 0
df
4
t Stat
-7.880466446
P(T<=t) one-tail
0.000700927
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.001401854
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
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Sorghum Bagasse Candle Wax (solid)
Mean
2321.22
3731.67
Variance
1859.075689
12027.72824
Observations
3
3
Pooled Variance
6943.401965
Hypothesized Mean Difference 0
df
4
t Stat
-20.73085293
P(T<=t) one-tail
1.59936E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
3.19872E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular) CTT Wax (granular)
Mean
2018.72
3843.54
Variance
26.8324
29297.1149
Observations
3
3
Pooled Variance
14661.97365
Hypothesized Mean Difference 0
df
4
t Stat
-18.45735411
P(T<=t) one-tail
2.53508E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
5.07017E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular) Ground CTT
Mean
2018.72
2833.91
Variance
26.8324
10838.68388
Observations
3
3
Pooled Variance
5432.758141
Hypothesized Mean Difference 0
df
4
t Stat
-13.54547651
P(T<=t) one-tail
8.5966E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000171932
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances

Mean

CTT Kernel (granular) Peanut Butter
1237.02
2001.72
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Variance
9.9225
Observations
3
Pooled Variance
82.786538
Hypothesized Mean Difference 0
df
4
t Stat
-102.9335282
P(T<=t) one-tail
2.67067E-08
t Critical one-tail
2.131846782
P(T<=t) two-tail
5.34134E-08
t Critical two-tail
2.776445105

155.650576
3

t-Test: Two-Sample Assuming Equal Variances
CTT Kernel (granular) Candle Wax (solid)
Mean
1237.02
3731.67
Variance
9.9225
12027.72824
Observations
3
3
Pooled Variance
6018.825371
Hypothesized Mean Difference 0
df
4
t Stat
-39.38214625
P(T<=t) one-tail
1.24182E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
2.48364E-06
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Soy Flour
Candle Wax (solid)
Mean
2340.93
3731.67
Variance
625.600144 12027.72824
Observations
3
3
Pooled Variance
6326.664193
Hypothesized Mean Difference 0
df
4
t Stat
-21.41431485
P(T<=t) one-tail
1.4061E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
2.81221E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations

CTT Wax (granular) Candle Wax (solid)
3843.54
3731.67
29297.1149
12027.72824
3
3
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Pooled Variance
20662.42157
Hypothesized Mean Difference 0
df
4
t Stat
0.953166255
P(T<=t) one-tail
0.197240749
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.394481498
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Ground CTT Candle Wax (solid)
Mean
2833.91
3731.67
Variance
10838.68388 12027.72824
Observations
3
3
Pooled Variance
11433.20606
Hypothesized Mean Difference 0
df
4
t Stat
-10.28304806
P(T<=t) one-tail
0.000252195
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000504391
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sawdust
CTT Shell (granular)
Mean
3224.43
2018.72
Variance
908.118225 26.8324
Observations
3
3
Pooled Variance
467.4753125
Hypothesized Mean Difference 0
df
4
t Stat
68.29818335
P(T<=t) one-tail
1.37678E-07
t Critical one-tail
2.131846782
P(T<=t) two-tail
2.75356E-07
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sawdust
CTT Kernel (granular)
Mean
3224.43
1237.02
Variance
908.118225 9.9225
Observations
3
3
Pooled Variance
459.0203625
Hypothesized Mean Difference 0
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df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
113.6101477
1.79982E-08
2.131846782
3.59964E-08
2.776445105

t-Test: Two-Sample Assuming Equal Variances
Sawdust
Soy Flour
Mean
3224.43
2340.93
Variance
908.118225 625.6001
Observations
3
3
Pooled Variance
766.8591845
Hypothesized Mean Difference 0
df
4
t Stat
39.07458477
P(T<=t) one-tail
1.2813E-06
t Critical one-tail
2.131846782
P(T<=t) two-tail
2.56259E-06
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Sawdust
CTT Wax (granular)
Mean
3224.43
3843.54
Variance
908.118225 29297.11
Observations
3
3
Pooled Variance
15102.61656
Hypothesized Mean Difference 0
df
4
t Stat
-6.17003106
P(T<=t) one-tail
0.001751876
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.003503752
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular) Candle Wax (solid)
Mean
2018.72
3731.67
Variance
26.8324
12027.73
Observations
3
3
Pooled Variance
6027.280321
Hypothesized Mean Difference 0
df
4
t Stat
-27.02275481
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P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

5.57504E-06
2.131846782
1.11501E-05
2.776445105

t-Test: Two-Sample Assuming Equal Variances
CTT Kernel (granular) Soy Flour
Mean
1237.02
2340.93
Variance
9.9225
625.6001
Observations
3
3
Pooled Variance
317.761322
Hypothesized Mean Difference 0
df
4
t Stat
-75.84531864
P(T<=t) one-tail
9.0553E-08
t Critical one-tail
2.131846782
P(T<=t) two-tail
1.81106E-07
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Soy Flour
CTT Wax (granular)
Mean
2340.93
3843.54
Variance
625.600144 29297.11
Observations
3
3
Pooled Variance
14961.35752
Hypothesized Mean Difference 0
df
4
t Stat
-15.04549234
P(T<=t) one-tail
5.68607E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000113721
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Soy Flour
Peanut Butter
Mean
2340.93
2001.72
Variance
625.600144 155.6506
Observations
3
3
Pooled Variance
390.62536
Hypothesized Mean Difference 0
df
4
t Stat
21.02006521
P(T<=t) one-tail
1.51377E-05
t Critical one-tail
2.131846782
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P(T<=t) two-tail
t Critical two-tail

3.02754E-05
2.776445105

t-Test: Two-Sample Assuming Equal Variances
CTT Wax (granular) Peanut Butter
Mean
3843.54
2001.72
Variance
29297.1149
155.6506
Observations
3
3
Pooled Variance
14726.38274
Hypothesized Mean Difference 0
df
4
t Stat
18.58851826
P(T<=t) one-tail
2.46496E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
4.92991E-05
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances
Peanut Butter Ground CTT
Mean
2001.72
2833.91
Variance
155.650576 10838.68
Observations
3
3
Pooled Variance
5497.167229
Hypothesized Mean Difference 0
df
4
t Stat
-13.74670611
P(T<=t) one-tail
8.11257E-05
t Critical one-tail
2.131846782
P(T<=t) two-tail
0.000162251
t Critical two-tail
2.776445105
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
3224.43
908.1182
3
531.8844
0
4
64.93225
1.68E-07
2.131847
3.37E-07
2.776445
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Peanut Butter
2001.72
155.6506
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
3224.43
908.1182
3
5873.401
0
4
6.240855
0.00168
2.131847
0.003359
2.776445

Ground CTT
2833.91
10838.68
3

Sawdust
3224.43
908.1182
3
6467.923
0
4
-7.72461
0.000756
2.131847
0.001512
2.776445

Candle Wax (solid)
3731.67
12027.73
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Two-Sample t-test for comparison of measured specific heat of whole CTT vs. theoretical
specific heat of whole CTT seeds.
Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Measured Cp Ground CTT
2833.91
10838.68
3

7080.307
0
4
6.885981
0.001166
2.131847
0.002331
2.776445
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Theoretical Cp of Whole Seed
2360.817
3321.931
3

APPENDIX B
THERMAL CONDUCTIVITY
Statistical analysis results for thermal conductivity.
Results of ANOVA across all samples.
Anova: Single Factor
SUMMARY
Groups
Sorghum Bagasse
Sawdust
CTT Shell (granular)
CTT Kernel (granular)
Soy Flour
CTT Wax (granular)
Peanut Butter
Ground CTT
Candle Wax (solid)
ANOVA
Source of Variation
Between Groups
Within Groups

SS
0.1013667
0.0002563

Total

0.1016229

Count

3
3
3
3
3
3
3
3
3

Sum
0.39
0.177
0.6
0.402
0.315
0.42
0.717
0.387
0.78
df

8
18

Average
0.13
0.059
0.2
0.134
0.105
0.14
0.239
0.129
0.26

Variance
9E-06
4E-08
4E-06
4.9E-07
2.5E-07
4.9E-05
3.6E-07
0.000001
6.4E-05

MS
0.012670833
1.42378E-05

F
889.94459

P-value
9.01506E-22
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Results of ANOVA for CTT seed samples only.
Anova: Single Factor
SUMMARY
Groups
CTT Shell (granular)
CTT Wax (granular)
CTT Kernel (granular)
Ground CTT
ANOVA
Source of Variation

Count

3
3
3
3
SS

Sum
0.6
0.42
0.402
0.387
df

Between Groups
Within Groups

0.009884
0.000109

3
8

Total

0.009993

11

Average
0.2
0.14
0.134
0.129

Variance
4E-06
4.9E-05
4.9E-07
0.000001

MS

F

0.003295
1.36E-05

241.8609

P-value
3.47E08

Results of two-sample t-tests across all samples for thermal conductivity.
t-Test: Two-Sample Assuming Equal Variances
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F crit

4.066181

F crit
2.510157895

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.13
9E-06
3
4.52E-06

Sawdust
0.059
4E-08
3

0
4
40.901079
1.068E-06
2.1318468
2.135E-06
2.7764451

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.13
9E-06
3
4.745E-06
0
4
-2.248989938
0.043871643
2.131846782
0.087743286
2.776445105

CTT Kernel (granular)
0.134
4.9E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.13
9E-06
3
2.9E-05
0
4
-2.274294131
0.042661051
2.131846782
0.085322102
2.776445105

CTT Wax (granular)
0.14
4.9E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean

Sorghum Bagasse
0.13
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CTT Shell (granular)
0.2

Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

9E-06
3
6.5E-06
0
4
-33.62691
2.332E-06
2.1318468
4.665E-06
2.7764451

4E-06
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.13
9E-06
3
4.625E-06
0
4
14.23736994
7.06728E-05
2.131846782
0.000141346
2.776445105

Soy Flour
0.105
0.00000025
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.13
9E-06
3
0.00000468
0
4
-61.70909836
2.06521E-07
2.131846782
4.13042E-07
2.776445105

Peanut Butter
0.239
3.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference

Sorghum Bagasse
0.13
9E-06
3
5E-06
0
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Ground CTT
0.129
0.000001
3

df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
0.5477226
0.3065056
2.1318468
0.6130111
2.7764451

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
0.00000202
0
4
-121.5035753
1.37584E-08
2.131846782
2.75169E-08
2.776445105

CTT Shell (granular)
0.2
4E-06
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
0.000000145
0
4
-147.9515298
6.25909E-09
2.131846782
1.25182E-08
2.776445105

Soy Flour
0.105
0.00000025
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail

Sorghum Bagasse
0.13
9E-06
3
3.65E-05
0
4
-26.35376
6.16E-06
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Candle Wax (solid)
0.26
6.4E-05
3

t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

2.1318468
1.232E-05
2.7764451

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
2.65E-07
0
4
-178.4366068
2.95866E-09
2.131846782
5.91731E-09
2.776445105

CTT Kernel (granular)
0.134
4.9E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
0.00002452
0
4
-20.03412668
1.83172E-05
2.131846782
3.66345E-05
2.776445105

CTT Wax (granular)
0.14
4.9E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
2E-07
0
4
-492.9503
5.08E-11
2.1318468
1.016E-10
2.7764451

Peanut Butter
0.239
3.6E-07
3
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
5.2E-07
0
4
-118.8890886
1.50089E-08
2.131846782
3.00178E-08
2.776445105

Ground CTT
0.129
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
0.059
4E-08
3
3.202E-05
0
4
-43.50418361
8.34582E-07
2.131846782
1.66916E-06
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.2
4E-06
3
2.245E-06
0
4
53.948751
3.533E-07
2.1318468
7.067E-07
2.7764451

CTT Kernel (granular)
0.134
4.9E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean

CTT Shell (granular)
0.2
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Soy Flour
0.105

Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4E-06
3
0.000002125
0
4
79.81596479
7.38427E-08
2.131846782
1.47685E-07
2.776445105

0.00000025
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.2
4E-06
3
0.0000265
0
4
14.27492854
6.99438E-05
2.131846782
0.000139888
2.776445105

CTT Wax (granular)
0.14
4.9E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.2
4E-06
3
2.18E-06
0
4
-32.35057
2.722E-06
2.1318468
5.443E-06
2.7764451

Peanut Butter
0.239
3.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference

CTT Shell (granular)
0.2
4E-06
3
0.0000025
0
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Ground CTT
0.129
0.000001
3

df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
54.99636352
3.27212E-07
2.131846782
6.54423E-07
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.2
4E-06
3
3.4E-05
0
4
-12.60252076
0.000114098
2.131846782
0.000228196
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.134
4.9E-07
3
3.7E-07
0
4
58.390577
2.576E-07
2.1318468
5.151E-07
2.7764451

Soy Flour
0.105
2.5E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail

CTT Kernel (granular)
0.134
4.9E-07
3
0.000024745
0
4
-1.477247116
0.106834336
2.131846782
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CTT Wax (granular)
0.14
4.9E-05
3

P(T<=t) two-tail
t Critical two-tail

0.213668673
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.134
4.9E-07
3
4.25E-07
0
4
-197.2606517
1.981E-09
2.131846782
3.962E-09
2.776445105

Peanut Butter
0.239
3.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.134
4.9E-07
3
7.45E-07
0
4
7.0947565
0.0010422
2.1318468
0.0020843
2.7764451

Ground CTT
0.129
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.134
4.9E-07
3
3.2245E-05
0
4
-27.17596559
5.45094E-06
2.131846782
1.09019E-05
2.776445105
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Candle Wax (solid)
0.26
6.4E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
0.105
0.00000025
3
0.000024625
0
4
-8.638245733
0.000493834
2.131846782
0.000987668
2.776445105

CTT Wax (granular)
0.14
4.9E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
0.105
2.5E-07
3
3.05E-07
0
4
-297.167
3.847E-10
2.1318468
7.693E-10
2.7764451

Peanut Butter
0.239
3.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
0.105
0.00000025
3
6.25E-07
0
4
-37.18064012
1.56229E-06
2.131846782
3.12458E-06
2.776445105

Ground CTT
0.129
0.000001
3
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
0.105
0.00000025
3
3.2125E-05
0
4
-33.49313188
2.36985E-06
2.131846782
4.73971E-06
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
0.14
4.9E-05
3
2.468E-05
0
4
-24.40665
8.361E-06
2.1318468
1.672E-05
2.7764451

Peanut Butter
0.239
3.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
0.14
4.9E-05
3
0.000025
0
4
2.694438717
0.0272035
2.131846782
0.054407
2.776445105
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Ground CTT
0.129
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
0.14
4.9E-05
3
5.65E-05
0
4
-19.55251608
2.01732E-05
2.131846782
4.03464E-05
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Peanut Butter
0.239
3.6E-07
3
6.8E-07
0
4
163.37434
4.21E-09
2.1318468
8.42E-09
2.7764451

Ground CTT
0.129
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Peanut Butter
0.239
3.6E-07
3
3.218E-05
0
4
-4.533899659
0.005272983
2.131846782
0.010545967
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Ground CTT
0.129
0.000001
3
3.25E-05
0
4
-28.14331455
4.74213E-06
2.131846782
9.48426E-06
2.776445105

Candle Wax (solid)
0.26
6.4E-05
3
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APPENDIX C
THERMAL DIFFUSIVITY
Statistical analysis results for thermal diffusivity.
Results of ANOVA across all samples.
Anova: Single Factor
SUMMARY
Groups
Count
Sum
Average
Variance
Sorghum Bagasse
3
1.11
0.37
0.0001
Sawdust
3
0.54
0.18
0.000016
CTT Shell (granular)
3
0.42
0.14
0.000001
0.36
0.12
0.000001
CTT Kernel (granular)
3
Soy Flour
3
0.312
0.104
1.6E-07
CTT Wax (granular)
3
0.27
0.09
0.000001
Peanut Butter
3
0.3
0.1
0.000001
0.39
0.13
0.000001
Ground CTT
3
Candle Wax (solid)
3
0.27
0.09
4.815E-34
ANOVA
Source of Variation
SS
df
MS
F
Between Groups
0.187322667
8
0.023415333 1739.3364
Within Groups
0.00024232 18
1.34622E-05
Total

0.187564987

P-value
2.19808E-24

F crit
2.510157895
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Results of ANOVA for CTT samples only.
Anova: Single Factor
SUMMARY
Groups
CTT Shell (granular)
CTT Kernel (granular)
CTT Wax (granular)
Ground CTT

ANOVA
Source of Variation
Between Groups
Within Groups
Total

Count

3
3
3
3

SS
0.0042
8E-06

0.004208

Sum
0.42
0.36
0.27
0.39

Average
0.14
0.12
0.09
0.13

Variance
0.000001
0.000001
0.000001
0.000001

df

MS
0.0014
0.000001

F
1400

3
8
11

Results of two-sample t-tests for all samples.
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P-value
3.21238E-11

F crit
4.066181

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.8E-05
0
4
30.55520724
3.41732E-06
2.131846782
6.83464E-06
2.776445105

Sawdust

0.18
0.000016
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.008E-05
0
4
46.03573761
6.65849E-07
2.131846782
1.3317E-06
2.776445105

Soy Flour

0.104
1.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.05E-05
0
4
41.36291925
1.02091E-06
2.131846782
2.04181E-06
2.776445105

Ground CTT

0.13
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust
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CTT Kernel (granular)

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.18
0.000016
3
8.5E-06
0
4
25.20504151
7.35577E-06
2.131846782
1.47115E-05
2.776445105

0.12
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.18
0.000016
3
8.5E-06
0
4
33.60672202
2.33807E-06
2.131846782
4.67614E-06
2.776445105

Peanut Butter

0.1
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.14
0.000001
3
0.000001
0
4
24.49489743
8.24154E-06
2.131846782
1.64831E-05
2.776445105

CTT Kernel (granular)
0.12
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance

CTT Shell (granular)
0.14
0.000001
3
0.000001
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Peanut Butter

0.1
0.000001
3

Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0
4
48.98979486
5.1939E-07
2.131846782
1.03878E-06
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.12
0.000001
3
0.00000058
0
4
25.73070084
6.7757E-06
2.131846782
1.35514E-05
2.776445105

Soy Flour

0.104
1.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.12
0.000001
3
0.000001
0
4
-12.24744871
0.000127608
2.131846782
0.000255217
2.776445105

Ground CTT

0.13
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Soy Flour

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail

0.104
1.6E-07
3
0.00000058
0
4
6.432675209
0.001501878
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Peanut Butter

0.1
0.000001
3

t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

2.131846782
0.003003757
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
0.09
0.000001
3
0.000001
0
4
-12.24744871
0.000127608
2.131846782
0.000255217
2.776445105

Peanut Butter

0.1
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Peanut Butter

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.1
0.000001
3
0.000001
0
4
-36.74234614
1.63799E-06
2.131846782
3.27599E-06
2.776445105

Ground CTT

0.13
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.05E-05
0
4
39.63946428
1.20996E-06
2.131846782
2.41991E-06
2.776445105
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CTT Shell (granular)
0.14
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.05E-05
0
4
48.25673913
5.51629E-07
2.131846782
1.10326E-06
2.776445105

CTT Wax (granular)
0.09
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5E-05
0
4
48.49742261
5.40775E-07
2.131846782
1.08155E-06
2.776445105

Candle Wax (solid)
0.09
4.81482E-34
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour

0.18
0.000016
3
8.08E-06
0
4
32.74564441
2.59306E-06
2.131846782
5.18611E-06
2.776445105

0.104
1.6E-07
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust

Mean

Ground CTT

0.18
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0.13

Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.000016
3
8.5E-06
0
4
21.00420126
1.51832E-05
2.131846782
3.03663E-05
2.776445105

0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.14
0.000001
3
0.00000058
0
4
57.89407688
2.66515E-07
2.131846782
5.3303E-07
2.776445105

Soy Flour

0.104
1.6E-07
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.14
0.000001
3
0.000001
0
4
12.24744871
0.000127608
2.131846782
0.000255217
2.776445105

Ground CTT

0.13
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference

CTT Kernel (granular)
0.12
0.000001
3
0.000001
0
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CTT Wax (granular)
0.09
0.000001
3

df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
36.74234614
1.63799E-06
2.131846782
3.27599E-06
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.12
0.000001
3
5E-07
0
4
51.96152423
4.10509E-07
2.131846782
8.21017E-07
2.776445105

Candle Wax (solid)
0.09
4.81482E-34
3

t-Test: Two-Sample Assuming Equal Variances
Soy Flour

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.104
1.6E-07
3
0.00000058
0
4
-41.81238886
9.77793E-07
2.131846782
1.95559E-06
2.776445105

Ground CTT

0.13
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail

CTT Wax (granular)
0.09
0.000001
3
0.000001
0
4
-48.98979486
5.1939E-07
2.131846782
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Ground CTT

0.13
0.000001
3

P(T<=t) two-tail
t Critical two-tail

1.03878E-06
2.776445105

t-Test: Two-Sample Assuming Equal Variances
Peanut Butter

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.1
0.000001
3
5E-07
0
4
17.32050808
3.26054E-05
2.131846782
6.52107E-05
2.776445105

Candle Wax (solid)
0.09
4.81482E-34
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.05E-05
0
4
43.08637422
8.67368E-07
2.131846782
1.73474E-06
2.776445105

CTT Kernel (granular)
0.12
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
0.37
0.0001
3
5.05E-05
0
4
46.53328416
6.37868E-07
2.131846782
1.27574E-06
2.776445105

t-Test: Two-Sample Assuming Equal Variances
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Peanut Butter

0.1
0.000001
3

Sawdust

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.18
0.000016
3
8.5E-06
0
4
16.80336101
3.6758E-05
2.131846782
7.35159E-05
2.776445105

CTT Shell (granular)
0.14
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.18
0.000016
3
8.5E-06
0
4
37.80756227
1.46145E-06
2.131846782
2.9229E-06
2.776445105

CTT Wax (granular)
0.09
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Sawdust

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.18
0.000016
3
8E-06
0
4
38.97114317
1.29493E-06
2.131846782
2.58985E-06
2.776445105
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Candle Wax (solid)
0.09
4.8148E-34
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.14
0.000001
3
0.000001
0
4
61.23724357
2.12955E-07
2.131846782
4.25909E-07
2.776445105

CTT Wax (granular)
0.09
0.000001
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
0.14
0.000001
3
5E-07
0
4
86.60254038
5.3286E-08
2.131846782
1.06572E-07
2.776445105

Candle Wax (solid)
0.09
4.8148E-34
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
0.12
0.000001
3
0.000001
0
4
24.49489743
8.24154E-06
2.131846782
1.64831E-05
2.776445105
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Peanut Butter

0.1
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Soy Flour

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.104
1.6E-07
3
0.00000058
0
4
22.51436323
1.15237E-05
2.131846782
2.30474E-05
2.776445105

CTT Wax (granular)
0.09
0.000001
3

t-Test: Two-Sample Assuming Equal Variances
Soy Flour

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.104
1.6E-07
3
8E-08
0
4
60.62177826
2.21727E-07
2.131846782
4.43455E-07
2.776445105

Candle Wax (solid)
0.09
4.8148E-34
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
0.09
0.000001
3
5E-07
0
4
4.80741E-14
0.5
2.131846782
1
2.776445105
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Candle Wax (solid)
0.09
4.8148E-34
3

t-Test: Two-Sample Assuming Equal Variances
Ground CTT

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.13
0.000001
3
5E-07
0
4
69.2820323
1.30028E-07
2.131846782
2.60055E-07
2.776445105
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Candle Wax (solid)
0.09
4.8148E-34
3

APPENDIX D
THERMAL RESISTIVITY
Statistical analysis results for thermal resistivity.
Results of ANOVA across all samples.
SUMMARY
Groups
Count
Sum
Average
Variance
Sorghum Bagasse
3
2341.74
780.58
277.755556
Sawdust
3
5071.92
1690.64
26.050816
CTT Shell (granular)
3
1502.4
500.8
25.180324
CTT Kernel (granular)
3
2243.91
747.97
9.3636
Soy Flour
3
2855.61
951.87
12.773476
CTT Wax (granular)
3
2196.3
732.1
1140.547984
Peanut Butter
3
1253.61
417.87
1.258884
Ground CTT
3
2319.69
773.23
31.0249
Candle Wax (solid)
3
1156.59
385.53
113.742225
ANOVA
Source of Variation
SS
df
MS
F
Between Groups
3680087.377
8 460010.9222 2527.998992
Within Groups
3275.39553
18 181.9664183
Total

3683362.773

P-value
7.6305E-26

F crit
2.510157895
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Results for ANOVA of CTT seed samples only.
Anova: Single Factor
SUMMARY
Groups
Count
CTT Shell (granular)
3
CTT Kernel (granular)
3
CTT Wax (granular)
3
Ground CTT
3
ANOVA
Source of
Variation
SS
Between Groups
143544.3039
Within Groups
2412.233616
Total

145956.5375

Sum
1502.4
2243.91
2196.3
2319.69

df

3
8

Average
500.8
747.97
732.1
773.23

MS
47848.1013
301.529202

11

Two-sample t-test results for all samples.
t-Test: Two-Sample Assuming Equal Variances
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Variance
25.180324
9.3636
1140.547984
31.0249

F
158.6848006

P-value
1.82387E-07

F crit
4.066180557

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
151.903186
0
4
-90.43409864
4.48166E-08
2.131846782
8.96331E-08
2.776445105

Sawdust
1690.64
26.050816
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
709.15177
0
4
2.229660012
0.044822377
2.131846782
0.089644754
2.776445105

CTT Wax (granular)
732.1
1140.547984
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
1690.64
26.050816
3
25.61557
0
4
287.9268608
4.36473E-10
2.131846782
8.72946E-10
2.776445105

CTT Shell (granular)
500.8
25.180324
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations

Sawdust
1690.64
26.050816
3
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Peanut Butter
417.87
1.258884
3

Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

13.65485
0
4
421.8442102
9.4732E-11
2.131846782
1.89464E-10
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
500.8
25.180324
3
18.9769
0
4
-126.8168433
1.1594E-08
2.131846782
2.3188E-08
2.776445105

Soy Flour
951.87
12.773476
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
500.8
25.180324
3
69.4612745
0
4
16.93910846
3.5607E-05
2.131846782
7.1214E-05
2.776445105

Candle Wax (solid)
385.53
113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat

CTT Kernel (granular)
747.97
9.3636
3
20.19425
0
4
-6.884384396
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Ground CTT
773.23
31.0249
3

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.001166578
2.131846782
0.002333157
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
951.87
12.773476
3
21.899188
0
4
46.75309152
6.25974E-07
2.131846782
1.25195E-06
2.776445105

Ground CTT
773.23
31.0249
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
732.1
1140.547984
3
627.1451045
0
4
16.94933165
3.55222E-05
2.131846782
7.10443E-05
2.776445105

Candle Wax (solid)
385.53
113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
151.46794
0
4
27.8420966
4.9498E-06
2.131846782
9.8996E-06
2.776445105
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CTT Shell (granular)
500.8
25.180324
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
139.50722
0
4
37.61030165
1.49228E-06
2.131846782
2.98456E-06
2.776445105

Peanut Butter
417.87
1.258884
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
1690.64
26.050816
3
17.707208
0
4
274.3659871
5.29373E-10
2.131846782
1.05875E-09
2.776445105

CTT Kernel (granular)
747.97
9.3636
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
1690.64
26.050816
3
28.537858
0
4
210.3286397
1.53272E-09
2.131846782
3.06544E-09
2.776445105

Ground CTT
773.23
31.0249
3

t-Test: Two-Sample Assuming Equal Variances
CTT Shell (granular)
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CTT Wax (granular)

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

500.8
25.180324
3
582.864154
0
4
-11.73377048
0.000150879
2.131846782
0.000301758
2.776445105

732.1
1140.547984
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
747.97
9.3636
3
11.068538
0
4
-75.06158403
9.43923E-08
2.131846782
1.88785E-07
2.776445105

Soy Flour
951.87
12.773476
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
747.97
9.3636
3
61.5529125
0
4
56.57928405
2.92138E-07
2.131846782
5.84275E-07
2.776445105

Candle Wax (solid)
385.53
113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance

Soy Flour
951.87
12.773476
3
63.2578505
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Candle Wax (solid)
385.53
113.742225
3

Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0
4
87.20987234
5.18177E-08
2.131846782
1.03635E-07
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Peanut Butter
417.87
1.258884
3
16.141892
0
4
-108.3270589
2.17734E-08
2.131846782
4.35469E-08
2.776445105

Ground CTT
773.23
31.0249
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
143.559578
0
4
3.333345587
0.014507516
2.131846782
0.029015032
2.776445105

CTT Kernel (granular)
747.97
9.3636
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail

Sorghum Bagasse
780.58
277.755556
3
154.390228
0
4
0.724474434
0.25444075
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Ground CTT
773.23
31.0249
3

t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

2.131846782
0.5088815
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
1690.64
26.050816
3
19.412146
0
4
205.3610642
1.68648E-09
2.131846782
3.37295E-09
2.776445105

Soy Flour
951.87
12.773476
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sawdust
1690.64
26.050816
3
69.8965205
0
4
191.1899099
2.24482E-09
2.131846782
4.48965E-09
2.776445105

Candle Wax (solid)
385.53
113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
500.8
25.180324
3
13.219604
0
4
27.93496117
4.88459E-06
2.131846782
9.76917E-06
2.776445105
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Peanut Butter
417.87
1.258884
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Kernel (granular)
747.97
9.3636
3
574.955792
0
4
0.81059763
0.231533921
2.131846782
0.463067843
2.776445105

CTT Wax (granular)
732.1
1140.547984
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
951.87
12.773476
3
576.66073
0
4
11.20866396
0.000180387
2.131846782
0.000360774
2.776445105

CTT Wax (granular)
732.1
1140.547984
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
732.1
1140.547984
3
570.903434
0
4
16.10689944
4.34505E-05
2.131846782
8.6901E-05
2.776445105

Peanut Butter
417.87
1.258884
3

t-Test: Two-Sample Assuming Equal Variances

Mean

Peanut Butter
417.87
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Candle Wax (solid)
385.53

Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.258884
3
57.5005545
0
4
5.223356028
0.003206367
2.131846782
0.006412734
2.776445105

113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
145.264516
0
4
-17.4059555
3.19767E-05
2.131846782
6.39533E-05
2.776445105

Soy Flour
951.87
12.773476
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Sorghum Bagasse
780.58
277.755556
3
195.7488905
0
4
34.58183554
2.08599E-06
2.131846782
4.17198E-06
2.776445105

Candle Wax (solid)
385.53
113.742225
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference

Sawdust
1690.64
26.050816
3
583.2994
0
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CTT Wax (granular)
732.1
1140.547984
3

df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
48.60826339
5.35866E-07
2.131846782
1.07173E-06
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
500.8
25.180324
3
17.271962
0
4
-72.8401028
1.06437E-07
2.131846782
2.12874E-07
2.776445105

CTT Kernel (granular)
747.97
9.3636
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Shell (granular)
500.8
25.180324
3
28.102612
0
4
-62.9400692
1.90845E-07
2.131846782
3.81691E-07
2.776445105

Ground CTT
773.23
31.0249
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail

CTT Kernel (granular)
747.97
9.3636
3
5.311242
0
4
175.4256559
3.16705E-09
2.131846782
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Peanut Butter
417.87
1.258884
3

P(T<=t) two-tail
t Critical two-tail

6.3341E-09
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Soy Flour
951.87
12.773476
3
7.01618
0
4
246.9087753
8.07101E-10
2.131846782
1.6142E-09
2.776445105

Peanut Butter
417.87
1.258884
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

CTT Wax (granular)
732.1
1140.547984
3
585.786442
0
4
-2.08129999
0.052933556
2.131846782
0.105867112
2.776445105

Ground CTT
773.23
31.0249
3

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Ground CTT
773.23
31.0249
3
72.3835625
0
4
55.81121197
3.08536E-07
2.131846782
6.17073E-07
2.776445105
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Candle Wax (solid)
385.53
113.742225
3

APPENDIX E
DIELECTRIC PROPERTIES
Statistical analysis (t-test) of the highest and lowest moisture contents at 915 MHz for the
dielectric constant, loss, and loss tangent of CTT seeds.
MC
Constant
6.974382 0
Values
2.315633 1.990765
2.261941 1.933998
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

6.974382
0
2.288787 1.962382
0.001441 0.001611
2
2
0.001526
0
2
8.35469
0.007013
2.919986
0.014026
4.302653

Loss
MC
Factor
6.509132
0
0.215747 0.166604
Values
0.212986 0.162252
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df

6.509132
0
0.214366 0.164428
3.81E-06 9.47E-06
2
2
6.64E-06
0
2
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t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

19.37617
0.001326
2.919986
0.002653
4.302653

Loss
MC
Tangent
6.509132
0
0.09317 0.083689
Values
0.094161 0.083894
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

6.509132
0
0.093665 0.083791
4.91E-07 2.12E-08
2
2
2.56E-07
0
2
19.51349
0.001308
2.919986
0.002616
4.302653

Statistical analysis (t-test) of the highest and lowest moisture content at 2450 MHz for the
dielectric constant, loss, and loss tangent of CTT seeds.
MC
Constant
0
7.562014
2.435618 2.116537
values
2.436603 2.092852
2.3634 2.036535
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance

7.562014
2.411874
0.001763

0
2.081975
0.001689
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Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

3
0.001726

3

0
4
9.726306
0.000313
2.131847
0.000626
2.776445

Loss
MC
Factor
7.562014
0
0.210796 0.135062
values
0.209228 0.128751
0.201577 0.125252
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

7.562014
0.207201
2.43E-05
3
2.45E-05

0
0.129688
2.47E-05
3

0
4
19.1694
2.18E-05
2.131847
4.36E-05
2.776445
loss
tangent

MC
7.562014
0
0.086547 0.063813
values
0.085869 0.061519
0.085291 0.061502
t-Test: Two-Sample Assuming Equal Variances

Mean

7.562014
0.085902

0
0.062278
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Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

3.95E-07
3
1.08E-06

1.77E-06
3

0
4
27.8311
4.96E-06
2.131847
9.92E-06
2.776445

Statistical Analysis of Highest and Lowest Moisture Content at 915 MHz for the dielectric
constant, loss, and loss tangent of sorghum bagasse.

MC
Values

Constant
97.83440803
0
2.911439679 1.125858
2.648725283 1.122791
2.618785358 1.117966

t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

MC
Values

97.83% MC
0
2.726316773 1.122205
0.025926967 1.58E-05
3
3
0.012971398
0
4
17.24991185
3.31364E-05
2.131846782
6.62729E-05
2.776445105

Loss
97.83440803
0
0.475981196 0.016929
0.426872359 0.017245
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0.429330324 0.017468
t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

MC
Values

97.83% MC
0
0.444061293 0.017214
0.000765671 7.35E-08
3
3
0.000382872
0
4
26.71721922
5.83326E-06
2.131846782
1.16665E-05
2.776445105

Loss Tan
97.83440803
0
0.163486539
0.015036311
0.161161432
0.015359044
0.16394254
0.015625219

t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

97.83% MC
0.162863504
2.22477E-06
3
1.15587E-06
0
4
168.0550999
3.76021E-09
2.131846782
7.52042E-09
2.776445105
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0
0.015340191
8.69698E-08
3

Statistical Analysis of Highest and Lowest Moisture Content at 2450 MHz for the dielectric
constant, loss, and loss tangent of Sorghum bagasse.
Constant
MC
Values

124.0813
2.658293
2.658037
2.658222

0
1.188612
1.002249
1.178439

124.0813
2.658184
1.75E-08
3
0.00549
0
4
25.37462
7.16E-06
2.131847
1.43E-05
2.776445

0
1.1231
0.01098
3

t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Loss
MC

124.0813
0.689908
0.690055
0.68992

0
0.017943819
0.014845142
0.015629762

t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat

124.0813
0
0.689961 0.016139574
6.63E-09 2.59538E-06
3
3
1.3E-06
0
4
723.5209
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P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

1.09E-11
2.131847
2.19E-11
2.776445

Loss Tan
MC

124.0813
0.25953
0.259611
0.259542

0
0.015096
0.014812
0.013263

124.0813
0.259561
1.88E-09
3
4.88E-07
0
4
429.9841
8.78E-11
2.131847
1.76E-10
2.776445

0
0.01439
9.73E-07
3

t-Test: Two-Sample Assuming Equal
Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
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APPENDIX F
THERMAL RESISTANCE OF A SPHERE
Mathematical formulation for Rsph,1
Problem: Solid sphere with outer radius r and known uniform outer temperature and unknown
inner temperature at the center of the sphere. k of the solid sphere is constant. Steady state with
no heat generation is assumed. The goal is to develop an expression for one-dimensional steadystate temperature distribution T(r) within the sphere.
The mathematical formulation is given as (Ozisik 1985):
- 1 -+U,
6U
:
-U
-U

0 WX [  U  

T(r)=T∞1 at r=a=0
Boundary Conditions
T(r)=T1 at r=b
The first and second derivative of the differential equation give, respectively:
n+,


_J

*

and +U,



_J


 1

Boundary conditions (r=a and r=b) are then applied to the equation for T(r) to give:
#



#
 1 and #
[



These are then solved for the constants C1 and C2:
#



[
+  # , and 1
  [ #

Plugging in boundary condition r=a=0 gives:
#

Thus the temperature distribution becomes:

0 and 1

 +U ,

#
 1


#  [#
[

#

#

From this, heat flow and the thermal resistance may be determined to be:
l

+4U 1 , 6

-+U,
:
-U

0 and Z

0

Ozisik M.N. (1985) Heat transfer: a basic approach McGraw-Hill New York.
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APPENDIX G
DRYING RATE OF CTT SEEDS
Statistical analysis of drying rate data for CTT seeds.
ANOVA: Single factor Excel output for CTT seed drying rates for microwave drying.
Anova: Single Factor
SUMMARY
Groups

Count

0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C

3
3
3
3
3

Sum
0.148075
0.795246
0.590376
3.466821
3.36046

Average
0.049358
0.265082
0.196792
1.155607
1.120153

Variance
0.000377
0.00019
0.001589
0.008841
0.031051

df

MS

F

ANOVA
Source of Variation

SS

Between Groups
Within Groups

3.444411
0.084097

4 0.861103 102.3943
10 0.00841

Total

3.528508

14

T-Test: Two-sample Excel output for CTT drying rates for microwave drying
T-Tests
0W55vs200W25
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat

200W
0W 55°C
25°C
0.049358 0.265082
0.000377
0.00019
3
3
0.000284
0
4
-15.6869
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P-value
4.52E08

F crit
3.47805

P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4.82E-05
2.131847
9.65E-05
2.776445

0W55 vs 200W55
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W
0W 55°C
55°C
0.049358 0.196792
0.000377 0.001589
3
3
0.000983
0
4
-5.75854
0.002255
2.131847
0.004511
2.776445

0W55 vs 600W25
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W
0W 55°C
25°C
0.049358 1.155607
0.000377 0.008841
3
3
0.004609
0
4
-19.9569
1.86E-05
2.131847
3.72E-05
2.776445

0W 55°C vs 600W 55°C
t-Test: Two-Sample Assuming Equal Variances
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Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W
55°C
0W 55°C
0.049358 1.120153
0.000377 0.031051
3
3
0.015714
0
4
-10.4617
0.000236
2.131847
0.000472
2.776445

200W 25°C vs 200W 55°C
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W
200W
25°C
55°C
0.265082 0.196792
0.00019 0.001589
3
3
0.00089
0
4
2.804334
0.024298
2.131847
0.048596
2.776445

200W 25°C vs 600W 25°C
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat

200W
600W
25°C
25°C
0.265082 1.155607
0.00019 0.008841
3
3
0.004515
0
4
-16.2311
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P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4.22E-05
2.131847
8.43E-05
2.776445

200W 25°C vs 600W 55°C
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W
600W
25°C
55°C
0.265082 1.120153
0.00019 0.031051
3
3
0.015621
0
4
-8.37913
0.000555
2.131847
0.00111
2.776445

200W 55°C vs. 600W 25°C
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W
600W
55°C
25°C
0.196792 1.155607
0.001589 0.008841
3
3
0.005215
0
4
-16.2615
4.18E-05
2.131847
8.37E-05
2.776445

200W 55°C vs. 600W 55°C
t-Test: Two-Sample Assuming Equal Variances
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Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W
600W
55°C
55°C
0.196792 1.120153
0.001589 0.031051
3
3
0.01632
0
4
-8.85227
0.00045
2.131847
0.000899
2.776445

600W 25 vs. 600W 55
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W
600W
25°C
55°C
1.155607 1.120153
0.008841 0.031051
3
3
0.019946
0
4
0.307453
0.386921
2.131847
0.773842
2.776445
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

Conventional Oven
103°C
0W 55°C
0.02205 0.049358
0.00037 0.000377
9
3
0.000371
0
10
-2.12589
0.029716
1.812461
0.059431
2.228139
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APPENDIX H
DRYING RATE OF SORGHUM BAGASSE
Statistical analysis results from microwave drying rates of sorghum bagasse.
Results from ANOVA for drying rates of sorghum bagasse:
Anova: Single
Factor
SUMMARY
Groups
Conventional
0W 25°C
0W 55°C
200W 25°C
200W 55°C
600W 25°C
600W 55°C
1000W 25°C
1000W 55°C

ANOVA
Source of
Variation

Count
3
3
3
3
3
3
3
3
3

SS

Sum
0.030599
0
26.43266
43.80507
62.24165
63.175
56.222
72.166
66.366

Average
0.0102
0
8.810888
14.60169
20.74722
21.05833
18.74067
24.05533
22.122

Variance
9.49E-07
0
4.40747
7.527469
4.658388
0.934917
1.837801
6.036566
10.22593

df

MS

F

Between Groups
Within Groups

2105.966
71.25708

8 263.2458 66.49759
18 3.958727

Total

2177.223

26

Results from t-tests for drying rates of sorghum bagasse.
t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference

Conventional
0.010199601
9.49404E-07
3
4.74702E-07

0W 25°C
0
0
3

0
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P-value
F crit
8.67E12 2.510158

df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

4
18.13085888
2.72077E-05
2.131846782
5.44153E-05
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 25°C 0W 55°C
0 8.810888
0 4.40747
3
3
2.203735
0
4
-7.26918
0.000951
2.131847
0.001902
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 55°C
8.810888
4.40747
3
5.96747

200W 25°C
14.60169
7.527469
3

0
4
-2.90328
0.021987
2.131847
0.043973
2.776445

t-Test: Two-Sample Assuming Equal Variances
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Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 55°C
8.810888
4.40747
3
4.532929

200W 55°C
20.74722
4.658388
3

0
4
-6.86637
0.001178
2.131847
0.002356
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 55°C
600W 25°C
8.810888127 21.05833333
4.407470497 0.934917333
3
3
2.671193915
0
4
9.177796553
0.000391339
2.131846782
0.000782678
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat

0W 55°C
8.810888127
4.407470497
3
3.122635915

600W 55°C
18.74067
1.837801
3

0
4
6.882156068
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P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.001167992
2.131846782
0.002335983
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 55°C
8.810888
4.40747
3
5.222018

1000W 25°C
24.05533
6.036566
3

0
4
-8.1703
0.000611
2.131847
0.001222
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0W 55°C
8.810888
4.40747
3
7.316699

1000W 55°C
22.122
10.22593
3

0
4
-6.02702
0.00191
2.131847
0.003819
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean

200W 25°C
14.60168911

1000W 55°C
22.122
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Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

7.527468698
3
8.876697849

10.225927
3

0
4
3.091403582
0.018262254
2.131846782
0.036524508
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 25°C 1000W 25°C
14.60168911
24.05533
7.527468698
6.036566
3
3
6.782017516
0
4
4.445958764
0.005640938
2.131846782
0.011281876
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail

200W 25°C
14.60169
7.527469
3
4.682635

600W 55°C
18.74067
1.837801
3

0
4
-2.34258
0.039578
2.131847
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P(T<=t) two-tail
t Critical two-tail

0.079155
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 25°C
14.60169
7.527469
3
4.231193

600W 25°C
21.05833
0.934917
3

0
4
-3.84433
0.009196
2.131847
0.018391
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 25°C
200W 55°C
14.60168911 20.74721632
7.527468698 4.658387586
3
3
6.092928142
0
4
3.049240979
0.019028235
2.131846782
0.03805647
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance

0W 55°C
Conventional
8.810888127
0.0102
4.407470497
9.49E-07
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Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

3
2.203735723

3

0
4
7.260767401
0.000955376
2.131846782
0.001910752
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 55°C
20.74722
4.658388
3
2.796652

600W 25°C
21.05833
0.934917
3

0
4
-0.22785
0.415468
2.131847
0.830936
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 55°C
20.74722
4.658388
3
3.248094

600W 55°C
18.74067
1.837801
3

0
4
1.363582
0.122199
2.131847
0.244398
2.776445
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 55°C
1000W 25°C
20.74721632 24.05533333
4.658387586 6.036566333
3
3
5.34747696
0
4
1.752072332
0.077320741
2.131846782
0.154641482
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

200W 55°C 1000W 55°C
20.74721632
22.122
4.658387586
10.22593
3
3
7.442157293
0
4
-0.61720662
0.285249611
2.131846782
0.570499222
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance

600W 25°C
21.05833
0.934917
3
1.386359

600W 55°C
18.74067
1.837801
3
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Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0
4
2.410786
0.036746
2.131847
0.073492
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W 25°C
21.05833
0.934917
3
3.485742

1000W 25°C
24.05533
6.036566
3

0
4
-1.96601
0.06036
2.131847
0.120721
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W 25°C 1000W 55°C
21.05833333
22.122
0.934917333
10.225927
3
3
5.580422167
0
4
0.551464616
0.305335782
2.131846782
0.610671564
2.776445105
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t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W 55°C 1000W 25°C
18.74066667
24.05533
1.837801333
6.036566
3
3
3.937183833
0
4
3.280415188
0.015244419
2.131846782
0.030488837
2.776445105

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

600W 55°C
18.74067
1.837801
3
6.031864

1000W 55°C
22.122
10.22593
3

0
4
-1.6862
0.083518
2.131847
0.167037
2.776445

t-Test: Two-Sample Assuming Equal Variances

Mean
Variance
Observations
Pooled Variance
Hypothesized Mean
Difference
df

1000W 25°C
24.05533
6.036566
3
8.131247

1000W 55°C
22.122
10.22593
3

0
4
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t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail

0.830374
0.226507
2.131847
0.453014
2.776445
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